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The present PhD thesis describes the synthesis and characterisation of Co2+/3+ com-
plexes with triarylamine-substituted polypyridyl-based ligands. A light- or temperature-
induced intramolecular electron transfer between the Co and the triarylamine moieties
was found in the tri-cationic complexes, which was examined with electrochemical mea-
surements, DFT calculations, optical and dynamic 1H NMR spectroscopy. This pro-
cess is coupled to a high-spin ↔ low-spin transition on the metal. The emphasis
of this PhD thesis was the adjustment of a redox equilibrium between the paramag-
netic ([Co2+(L+•)(L)]3+) and diamagnetic ([Co3+(L)2]3+) formulation (L= triarylamine-
decorated ligands) via the electron transfer. The position of this equilibrium is inﬂu-
enced by the complexes' structure and environment. Constitutional changes in the
ligand topology were performed to modify the electronic properties of the triarylamine
substituents and to vary the distance between the redox centres, namely the Co ion and
the triarylamine nitrogen atom. If they are located within their van-der-Waals radii,
photochemical excitation of the diamagnetic ground state leads to the paramagnetic
excited state. A temperature-dependent redox equilibrium was found with an increased
distance between the redox centres (d ≈ 8 Å), due to the diﬀerent entropies of the redox
isomers.
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A Introduction
A Introduction
The miniaturisation of electronic devices is a constant tendency observed in scientiﬁc re-
search, which has reached a level of the design of single molecules. This approach allows
a targeted ﬁtting of desired magnetic or optical properties. The basis is a comprehensive
understanding of electron transfer reactions; [1] fundamental theoretic models were devel-
oped by R. A. Marcus and N. S. Hush in the mid of the last century. [28] However, their
application to charge transfer induced spin transition (CTIST) reactions  which can
be found in many biological [912] and chemical [1315] processes  is not straightforward.
CTIST compounds exhibit bistability, i. e. two ground states are present within these
systems and hence, they are promising candidates for molecular switches and informa-
tion storage devices.
Although the issue of coupled electron transfer and spin exchange has been discussed for a
long time, [16] the mechanism including all intermediate states is not yet fully understood.
Recent research on the kinetics and thermodynamics of CTIST reactions is mainly lim-
ited to investigations in the solid-state, but for a detailed insight in structure/property-
relations, also examination in solution is necessary. In this work, the Co2+/3+ redox
couple is of main interest, both ground states diﬀer notably in their physical properties.
The combination with a redox-active triarylamine moiety within the molecule leads to
a bistable system where either the metal is oxidised and the ligand is reduced or vice
versa. The challenge is the design of a system, i) which is kinetically stable to avoid lig-
and dissociation and other side reactions, ii) with two redox couples having similar redox
potentials to enhance the electron transfer, iii) which is accessible by synthetic strategies
and iv) which can be analysed in solution with common analytic methodologies.
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B1 Fundamentals of Spin Transitions
Spin Crossover
The Spin Crossover (SCO) phenomenon is an equilibrium between two diﬀerent spin
states within a molecule. [1722] The transition occurs between a low-spin (LS) and a
high-spin (HS) state and is stimulated by, e. g. light irradiation, a change in tem-
perature or pressure (Figure B1). The LS state is the ground state, whereas the HS
state prevails upon light irridiation, high temperatures and low pressures, due to its
higher entropy. This research ﬁeld is dominated by octahedral Fe2+ complexes. [2326] In
1964, Baker and Bobonich observed a substantial change in the magnetic moments of
cis-[FeX2(phen)2] (X− = NCS−, NCSe−; phen = 1,10-phenanthroline) between 180 K
(1.4 ± 0.1 µB) and 300 K (≈ 5 µB). [27] Paramagnetic molecules usually obey Curie's
law, hence Baker and Bobonich declared an antiferromagnetic coupling between the two
iron nuclei. Two years later, König and Madeja proposed an alternative explanation
suggesting a spin state change, which was manifested by Mössbauer, IR and UV-vis
spectroscopy. [28,29] In the course of the 1960s, the ﬁrst Co2+-SCO complexes were dis-
covered. [30,31]
Basically all d4d7-conﬁgurated ﬁrst transition row metal ions are able to exhibit SCO.
But the terms of the ligand ﬁeld theory promote octahedral Fe2+ complexes with nitrogen
donor ligands to the most extensively studied class of compounds in the SCO research
ﬁeld. [FeN6]2+ complexes undergo large structural changes between the LS and the HS
state. The diﬀerence in bond lengths between the Fe2+ ion and the coordinating nitrogen
atoms amount to ≈ 0.2 Å. In contrast, Fe3+ and Co2+ complexes exhibit bond length
changes of only 0.15 Å and 0.1 Å, respectively. [32] The SCO in solution is found to be
gradual within a temperature range up to 150 K. In the solid-state, the spin transition
occurs abruptly within 12 K, often attended by a hysteretic behaviour. [23] Moreover,
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Figure B1 Principle of the spin crossover phenomenon in d6- (top) and d7-conﬁgurated
(bottom) metal ions
the spin transition in Fe2+-SCO complexes is connected to a distinctive change in colour.
HS-Fe2+ complexes are generally colourless to pale red, while their LS-Fe2+ congeners
are often strongly coloured. This relief in colouration is less pronounced in Fe3+ and
Co2+ SCO complexes. [33] A switch from diamagnetism to paramagnetism accompanies
the SCO in Fe2+ complexes. In contrast, at least one electron remains unpaired in
every spin state of other SCO capable metal ions (except Co3+) and thus, they are
all paramagnetic. Overall, the LIESST (light-induced spin state trapping) eﬀect is the
principle reason for the success of SCO-Fe2+ complexes. [23,3336] This eﬀect was almost
exclusively observed in Fe2+ SCO complexes. At low temperatures irradiation with light
results in an excited spin state at Fe2+. This meta-stable HS state is kinetically hindered
and relaxation to the LS state does not occur before increasing the temperature. [23,34]
The number of publications about Co2+ SCO complexes are comparatively small. The
reason for the little existence of Co2+ SCO complexes is the highly destabilised LS state,
which features an unpaired electron in the antibonding eg orbital. Hence, the only
known Co2+ SCO complexes are on the basis of strong ligand ﬁelds such as tpy-derived
ligands (tpy = 2,2':6',2-terpyridine). [3739] The HS → LS transition is accompanied by
a suﬃcient Jahn-Teller distortion and is often gradual and incomplete. The hysteretic
behaviour is rarely observed and amounts to max. 40 K. Therefore, the listed attributes
make an analogous application to Fe2+ SCO complexes diﬃcult. [40]
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The Fe2+ isolobal Co3+ ion prefers the LS state with a very few exceptions due to its
smaller ion radius. [41]
Charge Transfer Induced Spin Transition
In recent research a derived version of SCO was developed, which is known as Charge
Transfer Induced Spin Transition (CTIST). [16,42] The spin transition is bound to a charge
transfer event to another redox-active unit; the principle is shown in Figure B2 using
the common redox pair HS-Co2+/LS-Co3+. [4345]
Figure B2 Principle of the charge transfer induced spin transition using the HS-
Co2+/LS-Co3+ redox pair
A few CTIST systems have been reported in the literature, mostly cobalt valence tau-
tomers with semiquinonate/catecholate ligands [4649] and Prussian-Blue analogues. [15,50,51]
The former compound class of valence taumtomers includes a light or temperature
induced intramolecular electron transfer between a redox-active metal and the non-
innocent ligands. Similar to the SCO phenomenon reversible structural, optical and
magnetic property changes take place upon external stimulation of this equilibrium.
The principle is depicted in Figure B3 using the interconversion between [CoII(3,5-
DTBSQ)2(phen)] and [CoIII(3,5-DTBSQ)(3,5-DTBCat)(phen)] reported by D. M. Adams
et al. [52,53] (DTBSQ = 3,5-di-tert-butyl-o-quinone, 3,5-DTBCat = 3,5-di-tert-butyl-o-
catecholate, phen = 1,10-phenanthroline). The structural changes can be conﬁrmed by
XRD studies of the complex at diﬀerent temperatures. The ligand-to-metal bonds vary
in the diﬀerent spin states of the cobalt because the anti-bonding orbitals are occupied
in the HS-Co2+ ion as opposed to LS-Co3+. While the CoL bond lengths take values of
2.08 ± 0.02 Å (CoO) and 2.13 ± 0.02 Å (CoN) in [CoII(3,5-DTBSQ)2(phen)], shorter
CoL bond lengths were found in [CoIII(3,5-DTBSQ)(3,5-DTBCat)(phen)] (1.91 ± 0.02
Å for CoO and 1.93 ± 0.02 Å for CoN). [53] The presence of an absorption band in
the UV-vis spectrum at 600 nm is characteristic for the existence of the LS-Co3+ species
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at 210 K, which is absent in the HS-Co2+ complex at 295 K. The magnetic moments
amount to 1.73 µB at 100 K for [CoIII(3,5-DTBSQ)(3,5-DTBCat)(phen)] and 5.12 µB at
300 K for [CoII(3,5-DTBSQ)2(phen)]. [52] The 1,10-phenanthroline serves as co-ligand and
can be substituted by other nitrogen donor ligands to control the transition temperature
T 1/2 (= equal concentration of Co2+ and Co3+ species). T 1/2 increases with strong ﬁeld
N-donor ligands. [5456] In the mentioned example by Adams et al. T 1/2 amounts to 265
K. [54]
Figure B3 Valence tautomerism in cobalt o-quinone complexes by Adams et al. [52,53]
DTBSQ = 3,5-di-tert-butyl-o-quinone, 3,5-DTBCat = 3,5-di-tert-butyl-o-catecholate,
phen = 1,10-phenanthroline
Prussian Blue analogues (PBAs) are bimetallic, tridimensional coordination networks
with cyanido bridges exhibiting electron transfer reactions between the cobalt and iron
ions upon light irradiation or change in temperature. [15,50,57] A HSLS transition occurs
to the cobalt but not to the iron, which is always in LS state in PBAs (Figure B4).
This results in optical and magnetic bistability, which qualiﬁes PBAs for application in
memory devices, molecular switches and sensors.
Figure B4 Charge transfer induced spin transition in Prussian Blue analogues: in-
terconversion between the paramagnetic LS-FeIIICNHS-CoII and the diamagnetic LS-
FeIICNLS-CoIII states by metal-to-metal electron transfer.
An elementary unit of such a PBA tridimensional network constitutes the {Co4Fe4} (=
{[(pzTP)FeIII(CN)3]4[CoII(pz)3CCH2OH]4}[ClO4]4 · 13 DMF · 4H2O, pzTp  tetrapyra-
zolylborate, (pz)3CCH2OH  2,2,2-tri(pyrazolyl)-ethanol) synthesised and characterised
by Clérac, Mathionière, Holmes et al. (Figure B5). [15,51] The bulky substituents inhibit
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further growth of the network during the synthesis. [58,59] The average bond lengths take
values of 1.920(8) Å (FeC) and 2.063(7) Å (CoN) at 260 K. A decrease in tempera-
ture to 90 K results in shorter CoN bonds of ≈ 1.905 Å. The diﬀerences between the
FeC bond lengths amount to only ∆d = 0.02 Å, due to the population of non-bonding
t2g orbitals (Figure B4 and Section B4). Diﬀerential scanning calorimetry revealed the
presence of an endothermic peak (∆H = +56(4) kJ mol−1) at 255 K indicating the
occurrence of a phase transition associated with the intramolecular electron transfer. [15]
IR spectroscopic studies showed an absorption band at 2173 cm−1, which is associated
with the cyanide stretching mode. Its intensity decreases between 250 and 190 K, while
three new absorption bands arise (νCN = 2212, 2145, 2127 cm−1). Magnetic measure-
ments between 300 and 265 K revealed a constant magnetic susceptibility of χT = 12.7
cm3 K mol−1, which is in accordance of a 4:4 rate of LS-FeIII (S =1/2, g ≈ 2.7) and
HS-CoII (S = 3/2, g ≈ 2.3). At T = 255 K a sudden but reproducible decrease of the
magnetic susceptibility to χT = 0.57 cm3 K mol−1 is recorded. A small paramagnetic
residue (≈ 4.5 %) is mainly due to defects and traps within the {Co4Fe4} lattice. When
the solid is irradiated with white light for 20 h at 30 K, a meta-stable HS-CoII/LS-FeIII
state is obtained. The relaxation to the LS-CoIII/LS-FeII state occurs after increasing
the temperature to 180 K (0.4 K min−1) (Figure B5). [15,51] This eﬀect is comparable to
the LIESST eﬀect of SCO compounds.
Figure B5 (Left) Molecular structure of {[(pzTp)FeIII(CN)3]4[CoII(pz)3CCH2OH]4} ·
13 DMF · 4 H2O. Hydrogen atoms, solvent molecules and perchlorates were omitted for
the sake of clarity. (Right) χT vs. T of {Co4Fe4} at 0.4 K min−1 and B = 1 T before
(black) and after (red) irradiation with white light, and after thermal relaxation (blue).
Adapted from reference [15] with permission of the Royal Society of Chemistry.
A major disadvantage is the poor solubility of the PBAs leading to investigations mainly
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on the material in the solid-state. Recently, PBA systems in smaller dimensions (2D, 1D
or 0D) were brought up by introducing bulky substituents. [6063] Thus, the examination
of the redox behaviour of PBAs in solution was accessible. It was reported that the
electron transfer is enhanced with similar redox potentials of the Fe2+/3+ and Co2+/3+
redox pairs. [6365]
B2 Theoretical Considerations of Electron Transfer
Reactions
A qualitative and quantitative description of electron transfer reactions in solution was
developed by R. A. Marcus [25] in the 1950s for which he was awarded with the Nobel
Prize in 1992. [66,67] The theory originally considered the simplest case of an ET reac-
tion between two ions diﬀering in their oxidation state which is called self-exchange
reaction: [68,69]
ML 2+6 + ML
3+
6 ML
3+
6 + ML
2+
6
The electron transfer rate kET in non-adiabatic reactions is represented by equation
1: [70]
kET = A · e(−∆G∗/RT ) (1)
The factor A depends on the nature of ET (i. e. bimolecular or intramolecular) and is
the product of κ (normalised collision probability of the ET) and Z (collision frequency
of intermolecular ET or vibration frequency of intramolecular ET). The overall free
energy of the reaction ∆G∗ is given by the standard Gibbs free energy ∆G0 and the
reorganisation energy λ: [70,71]
∆G∗ =
(
λ
4
)
·
(
1 +
∆G0
λ
)2
(2)
The reorganisation energy is deﬁned by an inner and an outer term:
λ = λi + λo (3)
Two mechanisms are considered for redox reactions: the inner-sphere and the outer-
sphere mechanism. The inner-sphere ET reaction occurs via bridging ligands and often
involves other steps before and after ET such as bond-formation and bond-breaking. [69,72]
Inner-sphere ET is generally observed in mixed-valence binuclear complexes such as the
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prototypical Creutz-Taube ion [7375] and related complexes. [7679] The outer-sphere ET
reaction simply involves the ET without intermediary formation of a chemical bond. [69,72]
Three diﬀerent factors contribute to the activation energy of an outer-sphere ET reaction.
The reorganisation energy λ includes components from the vibrations of the molecules
(inner-sphere reorganisation energy) and from the polarisation changes in the dielec-
tric solvent environment (outer-sphere or solvent reorganisation energy) (vide infra). [71]
Solvent molecules are modelled as dielectric continuum. [2,80,81]
Figure B6 Parabolic representation of electron transfer reactions as diabatic free energy
surfaces of (left) degenerate and (right) non-degenerate redox centres. The pathway is
either optically (green) or thermally (red) induced. Adapted from reference [82] with
permission of John Wiley and Sons.
Marcus used parabolic functions of potential energy surfaces (PES) for the representa-
tion of ET reactions (Figure B6). [8284] Local minima on these PES correspond to the
reactant (A) and product (B) states in (quasi-)equilibrium. When a degenerate system
is considered, which holds true for identical redox centres, the energy of the reactant and
product states resemble closely (Figure B6 left). On the intersection of the two parabo-
las, reactant and product feature the same conﬁguration and energies, this is the state of
an activated complex. [72] Two pathways are considered for ET reactions: optically and
thermally induced ET. The energy required for the photo-induced ET is called Marcus-
reorganisation energy λ (equation 3). [82,85] The activation energy of a thermally induced
ET reaction is deﬁned by the free activation energy ∆G∗. In interacting non-identical
redox centres, the reactant and product states are non-degenerate. The energy diﬀer-
ence between states A and B is given by ∆G00 and contributes to the overall activation
energy for optically induced ET processes (∆G00 + λ).
The shape of the PES determines the electron transfer. A parabola with a steep slope
stands for a higher intersection point and the activation energy needed yet increases
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with a larger reaction coordinate. In contrast, ﬂattened energy surfaces point to a low
activation energy. [72]
The application of the Marcus theory is limited to systems with weakly interacting re-
dox centres. [82,85] The Marcus-Hush theory [68] was developed for the investigation of
the medium to strong interaction between donor and acceptor units in mixed-valence
compounds. Its most important achievement is a semi-quantitative description of the
IVCT band shape and the possibility to extract the electronic coupling through IVCT
band analysis. [82,85] The IVCT band is usually observed in the vis to NIR region and
thus, well-separated from other transitions (see also section B3). The maximum of an
IVCT band is described with νmax = ∆G00 + λ for non-degenerated states. However,
the determination of λ for asymmetric systems is further handicapped by the diﬀerent
properties of the involved redox centres, e. g. charge delocalisation in organic mixed-
valence compounds, spin state changes in metal ions and diﬀerent solvation energies in
hybrid organic/inorganic redox-active compounds.
The Inner-sphere Reorganisation Energy λi
The bond lengths of reactants, e. g. [Fe(H2O)6]2+/3+, in their electron self-exchange
reactions do not equal despite both species exhibit octahedral symmetry. [86,87] The Fe
O bond lengths of in the mentioned example diﬀer of ∆(FeO) = 0.15 Å. [86] To reach the
transition state of the ET, Fe2+O bonds must shorten and the Fe3+O must lengthen.
The energy needed for the change in bond lengths is called inner-sphere reorganisation
energy λi and contributes to the activation energy of an ET reaction. [71,88] Generally,
the extend of bond length changes can be estimated for ET reactions, especially for
the ﬁrst row of octahedral transition metal complexes, on the basis of the occupation
of dpi orbitals. t2g-Orbitals are non-bonding; an increase in the number of electrons in
these orbitals leads only to a minor elongation of bond lengths. In contrast, a change
of the electron number in the eg orbitals results in a suﬃcient change of bond lengths,
particularly in reactions with oxidants without populated eg orbitals. [69] A common
example is the Co2+/3+ redox pair, but also Cu+/2+, Cu2+/3+ and Ni2+/3+. [89] Selected
examples of redox pairs and bond length changes in self-exchange reactions are given in
Table B1.
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Table B1 Bond length changes and electron transfer rates of selected redox pairs
Redox pair Electron conﬁguration ∆d [Å] kET [M−1 · s−1] Reference
[Fe(H2O)6]
2+/3+ t42ge
2
g/t
3
2ge
2
g 0.13 4.2
[87,90]
[Co(H2O)6]
2+/3+ t52ge
2
g/t
6
2g 0.21 3.3
[91,92]
[Co(NH3)6]
2+/3+ t52ge
2
g/t
6
2g 0.22 ≈10−8 [87,93]
[Co(bpy)3]
2+/3+ t52ge
2
g/t
6
2g 0.19 18
[87,94,95]
[Ru(H2O)6]
2+/3+ t62g/t
5
2g 0.08 10
2 [96,97]
[Ru(NH3)6]
2+/3+ t62g/t
5
2g 0.04 3.2 · 103 [98,99]
[Ru(bpy)3]
2+/3+ t62g/t
5
2g 0.00 4.2 · 108 [87,100]
[Ni(bpy)3]
2+/3+ t62ge
2
g/t
6
2ge
1
g 0.13
a 1.5 · 103 [101,102]
a Average value over all six ML bonds
The Outer-sphere Reorganisation Energy λo
The outer-sphere reorganisation energy is the free energy needed for the reorientation of
solvent molecules during the ET. [2,81] There are essentially two factors playing a role in
the reorganisation of the solvent: the orientation of the permanent dipolar moments of
the solvent molecules and the polarisation of the electronic clouds of the solvent molecules
that induces temporary dipoles. [69] The latter eﬀect occurs much more rapidly than the
dipole orientation. In self-exchange reactions λo is given by equation 4:
λo = e
2
(
1
op
− 1

)
·
(
1
2r
)
(4)
where e = the elementary charge, op = dielectric constant of the medium corresponding
to the electronic polarisation (op = n2, n = refractive index),  = relative permittivity
of the solvent and r = ionic radii of the donor and acceptor. [69] The term 1/ is negligible
in very polar solvents; the λo values of water ( = 80.2) and acetonitrile ( = 37.5) diﬀer
only by about 4 %. [103]
The contribution of λi to the overall reorganisation energy is often larger than λo in
inorganic complexes. However, λi of t62g/t
5
2g conﬁgurated redox pairs with pi acceptor
ligands can be somewhat smaller than the outer-sphere reorganisation energy. Low
solvent polarities, high polarisabilities and large radii of the donor-acceptor pairs result
in low values of λo. High outer-sphere reorganisation energy is expected for ET reactions
in H-bonding solvents due to their higher activation energy. [69]
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B3 Investigation Methods of Electron Transfer
Reactions
Previously reported investigations on CTIST reactions were focused on solid-state meth-
ods. [15,104] This work addresses cobalt polypyridyl complexes, which are readily soluble
in common organic solvents. Hence, they are ideal species for further investigation on
CTIST in the solution-state. This section discusses the most relevant examination pro-
cedures of this research work.
Optical Spectroelectrochemistry
A frequently employed method for electron transfer reactions is optical spectroelectro-
chemistry. The electronic absorption spectroscopy  mainly UV, vis, NIR and IR  are
combined with in situ applied potentials inducing electrochemical oxidation and reduc-
tion processes. [105107] A meaningful advantage of this technique is the identiﬁcation and
characterisation of compounds in diﬀerent oxidation states without the necessity of their
isolation. Characteristic intervalence charge-transfer (IVCT) bands often appear in the
NIR region of the spectra and are an intensively studied feature in inorganic mixed-
valenced complexes. [79,88,105,108] The intensity max, the full-width-at-half-height ∆ν1/2
and the wavenumber νmax of the IVCT band are utilised to determine the electronic
coupling between the redox centres. [109] Weakly- and moderately-coupled systems show
weak (max ≤ 5000 L mol−1 cm−1) and broad (∆ν1/2 ≥ 2000 cm−1) Gaussian-shaped
IVCT absorption bands. [109] Additionally they exhibit a solvatochromic behaviour. [110]
Spectra of strongly-coupled systems are deﬁned by intense (max ≥ 5000 L mol−1 cm−1)
and narrow (∆ν1/2 ≤ 2000 cm−1) IVCT bands. [110] Systems with electronically non-
interacting redox centres evoke spectra which are dominated by absorption bands of
their isolated redox centres.
EPR Spectroscopy
In combination with spectroelectrochemical measurements, the EPR spectroscopy is a
powerful but less common tool for the investigation of in situ generated reactive species
which undergo charge transfer processes. [111,112] Starting materials are often diamagnetic
and thus, EPR-silent. Upon electrochemical oxidation and with the formation of radical
species, an EPR signal is detected and by the means of the Landé factor g the locality
of the unpaired electron can be deﬁned as ligand- or metal-centred. g Values of organic
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radicals are similar to the one of a free electron (ge = 2.002319), whereas g for metals
deviate drastically (e. g. octahedral HS-Co2+ complexes g ≈ 4.3). The presence of two
or more unpaired spins in one molecule leads to speciﬁc spin-exchange interactions in
solutions. This magnetic coupling is dependent on the distance between the electron
spins and gains importance for metal ions with S > 1
2
. [113,114] As a consequence the EPR
signal can be broadened or even be undetectable. A common example are diradicals
which can be distinguished between being EPR-active in their triplet state and EPR-
silent in their singlet state. [113] Corresponding UV/vis-NIR spectra of the reactive species
can help to sort out the interactions.
NMR Spectroscopy
The NMR spectroscopy is not a direct method to investigate electron transfer reactions,
but the presence of localised or delocalised unpaired electrons substantially aﬀects the
relaxation of surrounding nuclear spins. [115] Similarly to EPR spectroscopy, magnetic
interaction between nuclear and electron spins leads to line broadening of the reference
signals. The nature of the unpaired electron determines the validity of the spectrum.
Generally, organic radicals cause severe line broadening, whereas transition metal ion
complexes with short spin-lattice relaxation times T 1 (longitudinal relaxation times)
provide evaluable spectra. [115,116] The kinetics of the electron transfer event may be
determined in the range between 10−2 to 108 s−1 in 1H NMR spectra. [117] The strategy
clearly depends on the pattern of reference signals of the involved species.
NMR Line Widths
Reference signals appearing closely side by side can only be observed separately (i. e.
resolved) if the resonance lines are sharp. The line-width at half height (∆ν1/2) is an
appropriate measure for the resolution. As well the spin-lattice (T 1) as the spin-spin
(T 2) relaxation processes inﬂuence the line-width an decrease the lifetime of a nucleus
in a particular energy state. In accordance with the Heisenberg's uncertainty principle
(equation 5), short lifetimes of a particle in a given stationary state lead to a greater
degree of uncertainty in the energy of that state. In NMR spectroscopy the eﬀect of this
is to introduce an uncertainty δE into the energy of a transition, and therefore into the
frequency of the transition and of the resonance signal. As a consequence the resonance
signals are broadened, a fortiori with shorter T 1 and T 2. [118]
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δE τ1 ≥ h
2pi
(5)
T 1 and T 2 of nuclear spins I = 1/2 equal in liquids with low viscosities and amount
to seconds to minutes. This results in very small line-widths, usually for protons ≤ 0.1
Hz. [118]
Further contribution to the line widths count ﬁeld inhomogeneities and interactions with
surrounding nuclei with spins I ≥ 1. [118] The presence of paramagnetic species and ex-
change processes such as ET reactions result in signiﬁcant line broadening. The electron
transfer rate between two species can be determined by lineshape analysis. [119,120] Three
borderline cases are considered: [117,121123]
1. Very slow ET: observation of two diﬀerent sets of resonance signals
2. Very fast ET: observation of one set of resonance signals (average value of δ)
3. An ET rate between 1 and 2 results in line broadening in the NMR spectrum.
VT (variable temperature) experiments can impact on the ET rate, for example, sharp
lines are observed at low temperature, which broaden with increasing temperature. For
evaluation, the linewidth is depicted as a function of temperature. [124] However, the high
time exposure operates against this procedure.
Saturation Transfer Experiments
ET reactions which are slow on the NMR time scale (10−8  10−3 s) can be evaluated
with saturation transfer experiments. This type of analysis is highly relevant for the
investigations of biochemical and medical processes. [121,125129] In saturation transfer ex-
periments a long pulse of radio frequency power is applied to a sample containing both
oxidised and reduced form of a species at known frequency, e. g. to a methyl group
of the oxidised form. [125,130] This pulse erases the absorption of the methyl group due
to the saturation of the spin and hence, no resonance signal is observed in the NMR
spectrum. The intensity and duration of the saturating pulse are adjusted to be no more
than just suﬃcient to saturate the resonance at which it is applied. [121] If an ET between
the oxidised and reduced species occurs the saturation of the nuclei is also transferred
and thus, both resonance signals of the oxidised and the reduced form is bleached. The
decrease in intensity is a good measure for the correlation of the exchange rate with the
relaxation rate. [117,125,131] The use of this technique is linked to the condition that the
exchange and relaxation rates are of the same order. [117,124]
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Spin-Lattice Relaxation Time T 1
The irradiation of a nuclei spin with a 90° pulse leads to a deviation of the magnetisa-
tion from the z- to y-axis. The time needed for the recovery back to the thermodynamic
equilibrium is the spin lattice or longitudinal relaxation time T 1. [118,131] The relaxation
process complies with a ﬁrst-order process and is described as the rate constant of the
relaxation with R1 = 1/T 1. The energy absorbed from the pulse is transferred to the
surroundings (lattice) which includes the neighbouring molecules. Diﬀerent relaxation
mechanisms contribute to the relaxation process. The dipole-dipole relaxation plays the
most signiﬁcant part in relaxation processes. In paramagnetic compounds the inter-
action with unpaired electrons favours a fast relaxation of the nuclei spins. [118,132] The
determination of T 1-values is achieved by the Inversion-Recovery Method.
For protons, the spin-lattice relaxation times T 1 are of the order of a second and they
do not vary greatly for protons in diﬀerent bonding situations. This is one reason why
T 1-values for protons are not often measured. [118] As mentioned above, transition metal
ion complexes with short T 1-values provide useful 1H NMR spectra. The relaxation
enhancement is dependent on the distance d between the transition metal ion and the
considered nuclei (1/T 1 ∼ d6). [133] Thus, the T 1-values are a useful marker for structure
elucidation of the metal complexes.
Application of the Nuclear-Overhauser eﬀect
Nuclear spins with a maximum distance of 5 Å are coupled by dipole-dipole interaction.
This eﬀect is called Nuclear-Overhauser eﬀect (NOE). [134,135] By irradiation of a nuclear
spin with the resonance frequency results in an enhanced signal of the dipolar-coupled
nuclear spin. The NOE is not tied to a scalar coupling in comparison to spin-spin
couplings. [136] Spectra of homo-nuclear proton-NOE-experiments [1H{1H}] are mostly
depicted as NOE-diﬀerence spectra. For the graphical representation two individual
NOE-NMR spectra are recorded and then subtracted. Every resonance signal which
is not inﬂuenced by the NOE eﬀect gets eliminated, while the NOE-aﬀected resonance
signal retains in this spectrum. [131] The principle is explained in Figure B6. This method
of NOE spectroscopy is very sensitive towards small changes in intensities, but are only
applicable for exchange rates between medium and slow chemical exchange on the NMR
time scale. [136,137]
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Figure B7 The [1H{1H}] NOE diﬀerence spectra of a 1:1 mixture of [Co(tpy)2](PF6)2
and [Co(tpy)2](PF6)3 in d3-acetonitrile solution in the range of the Co3+ resonance
signals. Spectrum (a) is a reference obtained irradiating at δ 75 ppm, whilst spectra
(b)-(g) were irradiated at δ 8.9, 21.8, 34.5, 48.2, 57.2 and 99.8 ppm, respectively. NOE
eﬀects within the Co2+ spin system lead to phasing errors in the overlapping peaks at δ
≈ 9 ppm. Adapted from reference [137] with permission of the Royal Society of Chemistry.
Substantially slower exchange rates can be measured by 2D methods than by 1D band-
shape analysis. [138] However, the cross-peak intensities are under control of the T1-times
of the oxidised and reduced species. [117] Fast T1-times result in undetectable cross-peaks
and thus, paramagnetic metal complexes are not appropriate for 2D NMR experiments.
For example, the 2D-EXSY (Exchange Spectroscopy) experiment is performed using
the NOESY pulse sequence. [138141] It consists of three 90° pulses, each of them being
followed by an independent time interval during which a particular type of information
on the spin system is stored. [140] In fast relaxation processes the magnetisation is lost in
the delay times and an acquisition is not possible.
Cyclic Voltammetry
A convenient method to study the electronic interaction between redox-active centres
are electrochemical techniques such as cyclic voltammetry. Thermodynamic parame-
ters including redox potentials and the number of electrons transferred can be extracted
from the measurement. A small diﬀerence between the redox potentials (∆E 0') of two
redox centres is preferred as the intramolecular electron transfer between the donor and
acceptor unit is enhanced. [6365] On the other hand, a large ∆E 0' value can indicate
an electronic interaction between the redox sites. [14,142144] In theory, redox splitting of
completely non-interacting equivalent redox centres amounts to ≈ 36 mV. [142,145] For
15
B State of Knowledge
all practical purposes this splitting is not resolvable and appears as one redox event in
the cyclic voltammogramme. These sweeping statements should be handled with care
because they dependent severely on diﬀerent factors such as electrodes, [146] supporting
electrolytes, [147149], solvents [150152] and temperature, [150,153] respectively. The relative
stability of the redox states can be determined by applying diﬀerent moderate scan rates
within the measurements. Steady anodic and cathodic peak potentials (E pa, E pc) point
to electrochemical reversible oxidations. [154,155] The peak separation (∆E p) takes a value
of≈ 59 mV for electrochemical reversible oxidations. [153,156,157] A larger peak-to-peak sep-
aration is associated with more hindered electron transfer through the electrode/analyte
interface that is caused, for example, by a substantial inner reorganisation in metal ions
and are described as a chemically reversible oxidation.
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C1 Introduction
Spincrossover (SCO) complexes have gained sustained interest for application in mem-
ory devices, optical switches and sensors. [17,32,158] Best investigated are octahedral Fe2+
complexes, which show the largest changes of the molecular properties upon SCO. In
general, all octahedral 3d-metal complexes with a d4-d7 conﬁguration can exhibit SCO.
Consequently, also SCO Co2+ complexes have been reported. [38,159] In contrast to the
diamagnetic LS-Fe2+, having all six d-electrons paired in the nonbonding t2g orbitals, the
d7 conﬁguration of the LS-Co2+ requires a population of an antibonding eg-orbital (LS
= low spin; HS = high spin). This leads to a dramatic destabilisation of the LS-state
and, hence, only very strong ligand ﬁelds can support the LS-conﬁguration of Co2+ and
induce SCO. Among the known examples, the [Co(tpy)2]
2+ (tpy = 2,2':6',2-terpyridine)
is the prototype example of a Co2+ SCO complex. [30,37,160] In contrast, octahedral Co3+
complexes typically have a LS-conﬁguration with only a limited number of exceptions. [41]
In order to construct "SCO like" complexes the couple HS-Co2+/LS-Co3+ can be used,
here the spin transition (ST) is bound to an electron transfer to a peripheral redox
site. These systems are known as valence tautomeric Co-complexes [46,161] and Prussian
blue analogues. [15] The underlying phenomenon is known as charge transfer induced spin
transition (CTIST). [16] To build these systems any combination of a Co2+/3+ redox sys-
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tem and an orthogonal redox system can be used. At present, a rather limited number
of lead motifs are known. [15,17,47,50,161166]
2-(Pyridine-2-yl)-1,10-phenanthroline C3 and its derivatives are terpy-analog ligands.
They can be prepared from bromopyridines and phenanthroline in a two step syn-
theses. [167,168] In this account we wish to present a new complex that is based on
[Co2+/3+(C3)2]
2+/3+, a [Co2+/3+(tpy)2]
2+/3+ analogue, and an organic triaryl
amine/aminium (Tara0/+) redox couple. The Tara redox system is known for its robust-
ness in its reduced and oxidised states. [169,170] Tara based redox systems are versatile,
with tunable redox potentials. [82,84,170,171] In contrast to HS-Co2+/LS-Co3+ redox cou-
ples with large inner reorganisation energy and slow self-exchange, Tara0/+-based redox
couples have small inner reorganisation energy and show fast self-exchange. [84,171]
C2 Results and Discussion
Synthesis and Characterisation
Scheme C1 Synthesis of ligands C1C4 and their corresponding metal complexes. The
small italic numbers indicate the proton labelling.
The phenoxy substituted ligandC1 andC2 were prepared starting from 2-(6-bromopyri-
dine-2-yl)-1,10-phenanthroline C4 and phenol or its hydroxyl-triarylamine. The phenols
were transformed to the potassium salts using KOtBu (Scheme C1). Treatment of the
nucleophilic phenolates with C4 yielded the desired ligands C1 and C2. The Co2+
complexes [Co(C1C4)2](ClO4/BF4)2 precipitate as pale yellow powders from solution
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of the respective ligands C1C4 and [Co(H2O)6](ClO4/BF4)2 in CH2Cl2/ethanol after
mixing (Scheme C1). The complexes are air and moisture stable pale yellow solids. The
were characterised by 1H NMR spectroscopy, mass spectrometry and elemental analysis.
In addition complex [Co(C1)2](BF4)2 was investigated by single crystal analysis at 110
K (Figure C1). Single crystals suitable for X-ray analysis were obtained by slow diﬀusion
of diethyl ether into a solution of [Co(C1)2](BF4)2 in CH3CN. Complex [Co(C1)2](BF4)2
crystallises in the triclinic space group P -1 and features a distorted octahedral coordi-
nation sphere.
Figure C1 ORTEP (50 % probability level) of the structure of [Co(C1)2](BF4)2 with
selected atom numbering scheme. Hydrogen atoms and disordered parts of molecules
have been omitted for clarity.
The structure originally contained solvent molecules, likely diethyl ether and acetoni-
trile molecules, which were omitted using SQUEEZE [172174] (see ESI). The NCo
N angles within the phenanthroline systems of 77.01(7)° and 76.85(7)° are increased
compared to those involving the pyridyl substituents of 74.65(7)° and 74.60(7)°. The
two ligands C1 surround the metal in a meridional arrangement with a bite angle of
150.17(7)°/151.13(7)° (N1CoN3/N4CoN6). The CoN bond lengths take values be-
tween 2.043 and 2.213 Å revealing the expected high spin state of the metal. The CoN
bond lengths to the substituted pyridyl donors (CoN3/N6: 2.21/2.18 Å) are similar
to the CoN bond lengths to the distal donor of the phenanthroline unit (CoN1/N4:
2.194/2.157 Å). Signiﬁcantly shorter are the CoN bond lengths to the inner phenan-
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throline donor (CoN2/N5: 2.050/2.042 Å). The distances between the Co atom and the
O atom of the phenoxy substituent (Co· · ·O1/O2: 3.277/3.197 Å) are shorter than the
van der Waals radii due to steric constraints. The distance between Co and the N of the
Tara unit amounts to ≈ 8.4 Å indicating that the interaction between redox sites is only
weak at best. The counter ions BF4− form weak hydrogen bonds with the aromatic pro-
tons with no contact with the Co2+ ion (Table C6-SI). Within one ligand, the planes of
the planar phenanthronlinyl (rms = 0.0415/0.0142) and pyridyl (rms = 0.0087/0.0076)
groups intersect by 6.84(10)° for one ligand (N1-N3) and 12.12(9)° for the other lig-
and (N4-N6), revealing them to be coplanar towards each other. However, the slight
bending seems to cause a shift of the Co atom out of the 3N planarity (∆N1,N2,N3)
by 0.2340(17) Å and (∆N4,N5,N6) by 0.1099(16) Å, for ligand C1. Both ligands in
[Co(C1)2](BF4)2 are not perfectly perpendicular towards each other, but intersect with
75.30(3)°. The peripheral N atoms are almost trigonal planar in the case of N7, clariﬁed
by an out of plane shift from the plane of the attached carbon atoms by 0.095(3) Å (N7)
and 0.250(3) Å (N8). Within the crystal packing, intermolecular parallel (displaced) pi-pi
interactions are present between the phenanthroline units (Figure C5-SI). In addition,
a number of CH-pi contacts are formed between the pyridine and phenanthroline parts
and the aromatic Tara groups.
Assignments of 1H NMR Resonances in the Co2+ Complexes
Due to the d7-conﬁguration of the complexes [Co2+(C1C4)2]2+ resonances found in the
proton NMR spectra are strongly shifted, mainly downﬁeld. The chemical shifts range
from about δ = 245 ppm to 11 ppm. In the 1H NMR spectra of [Co2+(C1)2]2+ (R =
OAr) and [Co2+(C2)2]2+ (R = OPh) the most downﬁeld shifted resonances are found
for protons H 1, at 170 ppm and 179 ppm, respectively. The resonances of proton H 1
for [Co2+(C4)2]2+ (R = Br) is found at 245 ppm. We were not able to diﬀerentiate
between H 1 and H 11 for [Co2+(C3)2]2+, but both protons are found at considerably
smaller chemical shifts of 134 ppm and 100 ppm. Similarly to the downﬁeld shift of the
resonances the relaxation times T 1 follow the same trend 2.4/2.5 ms for [Co2+(C3)2]2+,
1.4 ms and 2.1 ms for [Co2+(C1,C2)2]2+ and 0.9 ms for [Co2+(C4)2]2+, respectively.
The resonances for protons H 115 were initially assigned by a combination of COSY
and T 1 measurements and the integral ratios (Figures C7, C11-SI, C10-SI and Table
C10-SI ). It turned out that an unambiguous assignment of the proton resonances was
not possible solely on the basis of these data. By using the self-exchange in the Co2+/3+
redox couple EXSY spectroscopy allows tracking of the resonances from the diamagnetic
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Co3+ state to the paramagnetic Co2+ state for the [Co2+/3+(C1C3)2]2+/3+ redox couple
(Figures C8, C24-SI and C25-SI). This method was originally for [Co2+/3+(tpy)2]2+/3+
by Constable et al. [137] With modiﬁcations (Supporting Information) of this method we
were able to unambiguously assign the resonances with the above mentioned exception
for H 1/11 in [Co(C3)2]2+. The T 1, especially the ratio of 1/T 1 to (pi · LW ) (LW =
linewidths), close to unity, is in good accordance with an HS-Co2+ (S = 3/2) electron
conﬁguration only somewhat slower relaxation and smaller paramagnetic contribution
in [Co(C3)2]2+ to the chemical shifts point to a LS-Co2+ state (S = 1/2) being in
equilibrium with the dominant HS-Co2+ state. It is worth to mention that the measured
T 1 considerably deviate from the rule 1/T 1 ∼ d6 (d is the distance between the proton
and Co2+) (Figures C2 and C20-SI). For example in complex [Co(C1)2]2+ H 8 and H 10
are at similar distance to the Co2+ ion (5.015 Å and 5.222 Å) but show considerably
diﬀerent relaxation times of 15 ms and 39 ms. To give a second example, the proton H 3
is 5.864 Å away from Co2+ with T 1 = 78 ms. In contrast, proton H 5 is 6.185 Å away
with a shorter T 1 = 55 ms. Figure C2 illustrates these ﬁndings. Likely, it is explained
by a considerable anisotropy of the susceptibility. It appears that the largest ratio 1/T 1
to d6 is found in the direction Co-H 7 and the smallest in a perpendicular direction. Also
the ligand centred contribution and anisotropic distribution of the electron spin around
the Co2+ centre can account for this irregularity.
Figure C2 (Left) Ratio of R1/(1/d6) over the proton number for [Co(C1)2]2+ in CH3CN
solution at ambient temperature. (Right) Plot of the relaxativity R1 vs. 1/d6. (Loga-
rithmic scale was used for clarity. R1 = 1/T 1, d is the distance between Co2+ and the
respective proton taken from the X-ray structure.)
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Redox Properties
Cyclic voltammetry. To elucidate the redox properties, complexes [Co2+(C1C3)2]2+
dissolved in CD3CN solution were treated with small amounts (<0.5 equiv.) of
(N(p-C6H4Br)3)(SbCl6) ("magic blue"). This results in the formation of the respective
diamagnetic LS-Co3+ complexes. This was easily conﬁrmed by 1H NMR spectroscopy in
the case of the couples [Co2+/3+(C2,C3)2]2+/3+; both the Co2+ and Co3+ redox states
were side by side visible in the spectra indicating a rather slow self-exchange typical
for Co2+/3+ based redox couples (Figure C23-SI). In the case of a sub-stoichiometric
oxidation of the Tara-substituted complex [Co(C1)2]2+ this pattern was only observed
at low temperatures (Figure C31-SI). This indicates an accelerated self-exchange be-
tween [Co2+(C1)2]2+ and [Co3+(C1)2]3+. A remarkable feature of the NMR spectra of
[Co3+(C2)2]3+ are the broad signals for the ortho-protons of the OPh substituent. This
is a clear sign of a hindered rotation of the phenyl group (Figure C15-SI).
Figure C3 CVs of [Co(C1)2](ClO4)2, [Zn(C1)2](ClO4)2, [Fe(C1)2](ClO4)2 and
[Co(C2)2](BF4)2 at ambient temperature in acetonitrile solutions. The dashed line at
400 mV is added as guide for eye.
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To determine the redox potentials for the oxidation processes all complexes were investi-
gated by cyclic voltammetry (Figure C4). CVs (= cyclic voltammograms) were recorded
in acetonitrile solution of the respective complex (1 mM) with [nBu4N][B(C6F5)4] (100
mM) added as supporting electrolyte at ambient temperature. Pertinent data of the
cyclic voltammetry studies are summarised in Table C1. All complexes except [Co(C4)2]2+
show one chemically reversible redox event assigned to the Co2+/3+ redox process. The
redox waves associated with Co2+/3+ centred redox events show large peak to peak
separations due to the hindered electron transfer, best seen for [Co2+/3+(C2)2]2+/3+
(∆E p(M2+/3+) = 340 mV) and is less pronounced in complex [Co2+/3+(C3)2]2+/3+
(∆E p(M2+/3+) = 180 mV). This is a typical ﬁnding for such complexes due to the
large inner reorganisation energy associated with the redox process. The additional 
OAr substituent in [Co2+/3+(C1/C2)2]2+/3+ shifts the oxidation process to more anodic
potentials by about 200 mV with respect to the parent complex [Co2+/3+(C3)2]2+/3+.
The redox potential for the possible couple [Co2+/3+(C4)2]2+/3+ could not be detected
in the CVs. In addition [Co(C4)2]2+ was stable in the presence of (N(p-C6H4Br)3)+,
as conﬁrmed by 1H NMR spectroscopy. This can be explained by a signiﬁcantly higher
E 01(M
2+/3+) (>0.7 V vs. FcH/FcH+) of the couple [Co2+/3+(C4)2]2+/3+ and/or a hin-
dered electrochemical irreversible redox process.
Table C1 Summary of CV measurements. For details see Section C6.
Compounds E 01(M
2+/3+) ∆Ep(M
2+/3+) E 02(Tara) ∆Ep(Tara)
investigated [mV] [mV] [mV] [mV]
C1 - - 304 58
[Co(C1)2](ClO4)2 284 106 531 68
[Zn(C1)2](ClO4)2 - - 473 76
[Fe(C1)2](ClO4)2 - - 462 110
4-Methoxy-N,N -di- - - 279 60
p-tolylaniline
[Co(C2)2](BF4)2 265a (340)a - -
[Co(C3)2](ClO4)2 98 180 - -
a Onset potentials were used to deﬁne E 01(M
2+/3+)
In the case of the Tara-substituted complex [Co(C1)2](ClO4)2 the ﬁrst Co2+/3+ redox
process (E 01(M
2+/3+) = 284 mV) appears only hindered in the cathodic sweep (the for-
ward, anodic peak has quite normal shape). In addition, a second reversible redox pro-
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Figure C4 VT CVs of [Co(C1)2](ClO4)2 at given temperatures.
cess is found at higher potentials (E 02(Tara) = 531 mV). In this process, two electrons
are transferred. This process is assigned to the Tara-centred redox process. This is in
line with the typical smaller peak separation (∆E p(Tara) = 68 mV). It should be noted
that this redox event consists of two closely spaced one electron processes that cannot be
resolved. In the following discussion these two processes are treated as one two-electron-
process. In the CVs of analoguous Zn2+ and Fe2+ complexes [Zn/Fe(C1)2]2+ a similar
Tara-centred redox event is found (E 02(Tara) = 473 mV and 462 mV, respectively). For
these complexes the metal is either redox inactive ([Zn(C1)2]2+) or typically oxidised at
higher potentials ([Fe(C1)2]2+). [175177] The increased charge in [Fe2+(C1+)2]4+ leads to
a further increase of the oxidation potential. As a consequence, an Fe-centred oxidation
to [Fe3+(C1+)2]5+ was not observed. The CVs of ligand C1 show a reversible redox
event C1/C1+ at 304 mV shifted only slightly to more anodic potentials than that of
the Co-centred process in [Co2+/3+(C1,C2)2]2+/3+ (E 01(M
2+/3+) = 265 mV). Complex-
ation of C1 to an M2+-ion (Fe2+/Zn2+ shifts the Tara-centred redox process by about
150 mV. The increased charge of the Co3+ ion adds another 50 mV. In summary, we
can assume a diﬀerence ∆E 01 ≈ 150 mV for [Co2+/3+(C1)2]2+/3+ and the not directly
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observable or hypothetical [Co2+(C10/+)2]2+/4+ redox couple. The unusual shape of
the oxidation and reduction wave for the Co2+/3+ redox process in [Co(C1)2]2+/3+ is
ascribed to a mediator eﬀect that catalyses the slow oxidation of the Co2+ ion on the
electrode surface. The eﬀect is caused by a Tara-centred oxidation of [Co(C1)2]2+ to
[Co2+(C1)(C1+)]3+, and this oxidation is facile due to the small inner reorganisation
energy of the Tara0/+ couple. The intramolecular electron transfer from Co2+ to the
oxidised Tara+-substituent is thermodynamically favoured and can occur in the solution
and diﬀusion layer. This intramolecular electron transfer generates the ﬁnal oxidation
product [Co3+(C1)2]3+ that is then again oxidised in the second oxidation wave. For the
reverse process, the Co-centred reduction, the eﬀect is much smaller. In this case the
intramolecular electron transfer from [Co3+(C1)2]3+ to [Co2+(C1)(C1+)]3+ is an uphill
reaction requiring a larger activation energy. This picture is consistent with the CVs
recorded at diﬀerent temperatures. At 254 K the reduction wave is very ﬂat and the
current peak appears cathodically shifted, the process is sluggish. In contrast, at 233 K
the current peak for the reduction wave is clearly visible and appears shifted to anodic
potentials with reduced peak separation ∆E p(M2+/3+) (300 mV @ 254 K to 90 mV @
323 K). The eﬀect of the temperature on the oxidation wave of the Tara-centred redox
process is much smaller (Figure C5).
EPR/UV-vis-NIR Spectroelectrochemistry
To further proof the assignment of the redox processes and to investigate the inﬂuence
of the redox state on the electronic spectra the complexes [M(C1)2]2+ (M = Co/Zn/Fe)
and [Co(C2)2]2+ were investigated by coupled electron paramagnetic resonance (EPR)/
ultraviolet-visible-near infrared (UV-vis-NIR) spectroelectrochemistry. The detailed de-
scription of the setup is given elsewhere. [112] The Co2+/3+-centred redox process was
investigated using complex [Co(C2)2]2+. A new intense absorption band at 386 nm and
a less intense band at 490 nm appeared during the oxidation to [Co3+(C2)2]3+ (Figure
C6-SI). At λ > 500 nm both redox states [Co2+/3+(C2)2]2+/3+ appear transparent un-
der visible light. This is in strong contrast to the amine-centred redox process. This
process was studied using complex [Zn(C1)2]2+. The non-oxidised complex [Zn(C1)2]2+
is transparent in the visible region. After the reversible oxidation to [Zn(C1+)2]4+ an
intense absorption band at 682 nm is found together with less intense absorption bands
at 580, 515 and 377 nm. These are typical absorption bands for triarylaminium radi-
cal cations (Tara+) (Figure C7-SI). [170] Both Co- and Tara-centred redox processes give
diﬀerent patterns in the EPR spectra. Both oxidation states [Co2+/3+(C2)2]2+/3+ are
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EPR-silent due to the diamagnetic character of the Co3+ ion and the fast electron relax-
ation in the HS-Co2+ complex, resulting in broad and undetectable lines. In contrast,
the oxidised Tara+-substituent in [Zn(C1+)2]4+ results in a typical EPR spectrum of
organic radicals with nicely resolved coupling to the 14N nucleus (N7 or N8) and the
protons H 11 to H 15 located on the substituents of the Tara+. The EPR spectrum shows
a signal with a g value of 2.003 and a coupling constant to the nitrogen atoms of aN
= 10.5 G (Figure C7-SI). Obviously, the two electron oxidation of [Zn(C1)2]2+ leads to
the formation of a biradical with distant (≈ 14 Å) radical centres. No indications for
a hyperﬁne coupling to coordinated nitrogens nor to protons H 1 to H 10 located at the
phenanthroline-pyridyl part of the complexes are found. These results are also consis-
tent with the 1H NMR spectroscopic results (vide infra). As mentioned above the 1H
NMR spectra of [Co(C2)2]2+ are comparably well resolved, typical for HS-Co2+ com-
plexes with short relaxation times. As required to obtain nicely resolved EPR spectra,
the electron relaxation for the [Zn(C1+)2]4+ radical is slow. After the addition of small
amounts of the oxidising agent (N(p-C6H4Br)3)(SbCl6) ("magic blue") the slow electron
relaxation together with the fast self-exchange lead to broadening and disappearance of
all resonances in the 1H NMR spectra for protons H 11 to H 15 coupled to the unpaired
electron of the Tara radical cation (Figure C32-SI). A similar eﬀect is observed for com-
plex [Fe(C1)2]2+ which again is consistent with Tara+-centred ﬁrst oxidation step to
[Fe(C1+)2]4+ (Figure C33-SI). The EPR spectra of a solution containing the oxidised Fe
complex again show the typical pattern for Tara radical cations (peak-to-peak linewidth
∆H pp ≈ 0.5 G) akin to the experiment [Zn(C1)2]2+ (Figure C8-SI). In addition a second
broader signal (∆H pp ≈ 21 G) is observed. This additional signal might be explained by
the decomposition products or the small HS fraction present in SCO equilibrium with
the Fe2+ complex (vide infra). The LS state does have a little eﬀect on the EPR spec-
trum of the Tara+ radical. The linewidth of the well resolved signals for [Zn(C1+)2]4+
is consistent with the relaxation time of the electron spin τS2 ≈ 100 ns. The lifetime of
the LS state is in the order of 300 ns at ambient temperature. We can conclude that, at
least, the EPR signal that results from the LS species should be unaﬀected and similar
to that of the oxidised Zn complex. The paramagnetic HS-Fe2+ ion with a 4-6 orders of
magnitude faster electron relaxation can broaden the EPR signal found for the Tara+
radical by the increased electron relaxation, provided an eﬃcient coupling between the
electron spins on the HS-Fe2+ and the Tara+ radical exists. To the moment the data we
obtained do not allow us to calculate the eﬀect qualitatively but the occurrence of para-
magnetic shifts and increased relaxation in the Tara0/+ part of the oxidised Fe complex
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[Fe(C1+)2]4+ indicate the existence of a coupling pathway.
Figure C5 (Left) Normalised absorption and spin number of the combined EPR/UV-
vis-NIR-spectroelectrochemical experiment on [Co(C1)2]2+. (Right) EPR spectrum
recorded @ constant potential of 800 mV. The spectrum shows the typical pattern for a
Tara+ radical. The intensity of the EPR signals recorded during the oxidation/reduction
process corresponds to the blue line in the left ﬁgure.
Figure C6 UV-vis-NIR spectrum for electrochemical oxidation of [Co(C1)2](ClO4)2 dis-
solved in acteonitrile at ambient temperature. The black line is the additional spectrum
recorded at 300 mV to prove the reversibility of the oxidation. In the visible region
(390 nm  700 nm) the spectra are dominated by the increasing absorbance of the Tara+
(558; 682 nm) which is formed by the second oxidation process in [Co3+(C1)2]3+ to
[Co3+(C1+)2]5+.
The results of the EPR/UV-vis-NIR spectroelectrochemical investigations on model sys-
tems for both redox events allowed us now unambiguously determine the order of oxida-
tion steps starting with [Co(C1)2]2+, which contains both kinds of redox sites. Figure
C6 shows the results: clearly the ﬁrst oxidation step can be assigned to the oxidation
of the Co2+ to the Co3+ ion. The absorption band at 382 nm associated with this step
increases at lower potentials than the strong absorption bands at 682 nm and 558 nm
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associated with the Tara0/+ oxidation and the formation of the biradical structure (Fig-
ure C9-SI). In order to identify the possible weak absorption bands corresponding to a
charge transfer from the Tara to the Co3+ ion we repeated the electrochemical oxidation
of [Co(C1)2]2+ in an OTTLE cell at ambient temperature using a sensitive spectrome-
ter with an increased spectral range from 210 nm to 3000 nm (Figure C7). During the
stepwise oxidation of [Co2+(C1)2]2+ to [Co3+(C1+)2]5+ no absorption bands were found
that were not observed in electrochemical oxidation processes starting with the model
compounds [Co(C2)2]2+ or [Zn(C1)2]2+. In other words, no CT (Charge Transfer) band
corresponding to a direct electron transfer from the Tara to the Co3+ ion is observed.
Qualitative Interpretation of the Electron Transfer Kinetics
The self-exchange of the couple [Co2+/3+(C1)2]2+/3+ is dramatically accelerated com-
pared to [Co2+/3+(C2)2]2+/3+. This is best seen in the 1H NMR spectra of solutions
containing both [Co2+(C1/C2)2]2+ and [Co3+(C1/C2)2]3+. Whereas the self-exchange
for [Co2+/3+(C2)2]2+/3+ is slow enough to observe two sets of resonances at room temper-
atures (Figure C23-SI). The 1H NMR spectra of [Co2+/3+(C1)2]2+/3+ are broadened due
to the fast self-exchange. Cooling and the use of less concentrated samples decelerate the
self-exchange and allow the observation of spectra similar to that of [Co2+/3+(C2)2]2+/3+
recorded at ambient temperatures. The resonances of the diamagnetic [Co3+(C2)2]3+
show long longitudinal relaxation times T 1 in the seconds to 100 ms time scale. Similarly
the relaxation times T 1 for resonances assigned to [Co3+(C1)2]3+ are fast even at 233
K. This is again mainly ascribed to the exchange with paramagnetic [Co2+(C1)2]2+. As
a rule of thumb the relaxation of the resonances assigned to [Co3+(C1)2]3+ cannot be
faster than the self-exchange between [Co3+(C1)2]3+ and [Co2+(C1)2]2+. With regard
to this simple rule the T 1 in the order of 50 ms observed for [Co3+(C1)2]3+ (Figure C22-
SI) at 233 K transcribe into a half lifetime t1/2 < 50 ms · ln 2. As a result, the EXSY
spectra for [Co2+/3+(C1)2]2+/3+ can be recorded with mixing times of only 100 ms at
273 ms (Figure C8). This should be compared to [Co2+/3+(C2)2]2+/3+ in the absence of
any redox active species. However the simple addition of a suitable redox mediator can
accelerate this exchange dramatically. This eﬀect was used to record the EXSY spectra
for [Co2+/3+(C2)2]2+/3+. This is a well-known mediator eﬀect and can be explained by
the Marcus theory.
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Figure C7 Section of 1H,1H-EXSY-NMR spectrum of [Co(C1)2]2+ which is partly oxi-
dised to [Co(C1)2]3+ by adding a sub-stochiometric amount (≈ 0.5 eq.) of "magic blue"
at 273 K. The values in bracket are the chemical shifts in ppm for the Co2+ and Co3+
species respectively. Mixing time was 100 ms.
SCO Properties of [Fe(C1)2]
2+
The ligand ﬁeld strength in [Co(C1/C2)2]2+ is too weak to induce a low spin state.
This is mainly the result of the population of one of the two antibonding eg-orbitals
in the hypothetical LS-state. Therefore, complexes [Co(C1/C2)2]2+ are pure HS-Co2+
complexes. For the corresponding Fe2+ complex [Fe(C1)2]2+ the d6 conﬁguration allows
a LS-state without the population of eg-orbitals. Hence, the LS-state is the ground
state for [Fe(C1)2]2+. This becomes immediately visible by the intense purple colour
of the solutions of [Fe(C1)2]2+ typical for [Fe(tpy)2]2+ and analogous complexes. The
purple solutions reversibly bleach upon heating in high-boiling solvents like propylene
carbonate. This thermochromic eﬀect is the result of SCO. The HS-state of such com-
plexes is typically pale red coloured. Using this diﬀerence in the absorption in VT vis
spectra (VT = variable temperature) allowed the determination of the thermodynamic
parameters for the SCO (T 1/2 = 344 K; ∆SCOS = 62 J (mol K)−1; ∆SCOH = 21.7 kJ
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Figure C8 Parts of the 1H NMR spectra of [Fe(C1)2](ClO4)2 in d6-acetone at given
temperatures. Clearly visible is the beginning of the spin crossover at 183 K. Line
broadening is mainly due to the exchange between the HS and LS state. A special
situation is seen at 183 K; here the line widths of all resonances are equal and directly
correspond to the LS to HS reaction rate.
mol−1) in propylene carbonate (Figure C34-SI). The SCO is also clearly mirrored in the
VT-1H NMR spectra in d6-acetone, and the chemical shifts are strongly temperature-
dependent. The Curie plot (δpara·T vs. 1/T ) revealed fair agreement with the data
obtained in propylene carbonate (Figure C36-SI). In contrast to [Co(C1)2]2+ the T 1
for the rigid parts of the complex [Fe(C1)2]2+ (H 1 to H 10) follow the predicted d6 de-
pendence (d = distance CoH) and allow a straightforward assignment of the protons
(Figure C19-SI). The linewidths are rather determined by the exchange between the HS
and LS-state than the paramagnetic HS-Fe2+ ion. [178] A rough calculation according to
our previously reported method outlined in the Supporting Information yielded a time
constant at ambient temperatures of 100 ns and 300 ns for the transition from HS to
the LS-state and vice versa. Oxidation experiments (Figure C33-SI) with "magic blue"
showed that self-exchange [Fe(C1)2]2+/3+ has little eﬀect on the SCO thermodynamics
and kinetics as judged by unchanged chemical shifts and linewidths for protons H 1 and
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H 9 (Figure C9).
C3 Conclusions
We have synthesised novel Co2+, Zn2+ and Fe2+ complexes with phenanthroline based
ligands C1C4. Complex [Co(C1)2]2+ is a paramagnetic high spin complex which was
proved by X-ray analysis and 1H NMR spectroscopy. The resonances of the 1H NMR
spectra were completely assigned by tracking of the proton resonances from the Co3+ to
Co2+ redox state using EXSY spectroscopy. In complex [Co(C1)2]2+ a Tara0/+ based re-
dox system is linked covalently to a Co2+/3+ redox system. Cyclic voltammetry measure-
ments show chemically reversible behaviour for the Co2+/3+ redox event which appears
cathodically shifted to the Tara0/+ redox event. Despite the large inner reorganisation
energy for the HS-Co2+/LS-Co3+ redox couple the intermolecular self-exchange between
HS-[Co2+(C1)2]2+ and LS-[Co3+(C1)2]3+ is dramatically accelerated by the presence of
the Tara unit in ligand C1, serving as a redox mediator. This mediator eﬀect is absent
in Co2+ complexes of ligands C2/C3. The results were conﬁrmed by EPR/UV-vis-NIR
spectroelectrochemistry. The absence of a charge transfer band for the electron transfer
between the Co2+/3+ and Tara0/+ redox centres in the UV-vis-NIR region indicates a
weak electronic coupling. In addition, [Fe(C1)2]2+ was identiﬁed as a SCO complex with
T 1/2 = 344 K. Based on these results the Tara0/+ and Co2+/3+ redox process could be
discriminated and assigned by EPR and UV-vis spectroscopy. In future, variations in
substitution pattern and in the linkage will allow us to shift the redox potentials sys-
tematically to investigate the charge transfer induced spin transition (CTIST) in greater
detail.
C4 Experimental
Experimental details for the synthesis and characterisation of the materials, details on
the crystal structure reﬁnement of [Co(C1)2](BF4)2 and a detailed description of the
methods used are compiled in the Electronic Supporting Information. The result of the
crystal structure analysis for compound [Co(C1)2](BF4)2 (1519448) has been deposited
in the CSD data base.
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C6 Appendix
Experimental Section
General Remarks: All reactions handling sensitive chemicals were carried out under
argon using standard Schlenk and cannula techniques. THF was puriﬁed by distilla-
tion from sodium/benzophenone ketyl. Dry ethanol was purchased commercially from
Acros Organics. Dichloromethane was taken from a solvent puriﬁcation system SPS-800
by MBraun. 2-(Pyridin-2-yl)-1,10-phenanthroline [167] and 4-(di-p-tolylamino)phenol [179]
were prepared as reported in the literature. All other chemicals were purchased from
commercial suppliers and were used without further puriﬁcation.
NMR spectra were recorded with a Bruker Avance III 500 spectrometer; chemical shifts
for 1H and 13C NMR are referenced internally to the residual protons and to the 13C NMR
signal of the deuterated solvent. Elemental analyses were performed using a Thermo
FlashAE 1112 analyzer. Mass spectra were recorded with a Bruker micrOTOF-QIIa
mass spectrometer operating in ESI mode (ESI = electrospray ionisation).
Electrochemical Measurements: Cyclic voltammograms were recorded in acetoni-
trile solution of the compound (1 mM) with [nBu4N][B(C6F5)4] added as supporting
electrolyte (100 mM) at v = 100 mV s−1 under argon atmosphere at 25 °C. A three
electrode cell, which utilised a Pt auxiliary electrode, a glassy carbon electrode (3 mm
diameter) and an Ag/Ag+ (0.01 M AgNO3) reference electrode mounted on a Luggin
capillary was used. The working electrode was cleaned by polishing a Buehler MicroFloc
ﬁrst with a 1 µm and then with a 1/4 µm diamond paste. All potentials are given rela-
tive to ferrocene. The peak currents ipa/ipc for processes declared reversible were equal
within the error of the setup.
Single Crystal X-ray Diﬀraction Analysis: Crystals of [Co(C1)2](BF4)2 suitable
for single crystal analysis were grown by slow diﬀusion of diethyl ether into a solu-
tion of the complex in CH3CN. Data for [Co(C1)2](BF4)2 were collected at 110 K with
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graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The molecular structure
was solved by direct methods using SHELXS-13 [180] and reﬁned by full-matrix least
square procedures on F 2 using SHELXL-13 [181,182]. All non-hydrogen atoms were re-
ﬁned anisotropically. H atoms were introduced at calculated positions and treated as
riding on their parent atoms [d(CH) = 0.93 Å, d(CH3) = 0.96 Å] with displacements pa-
rameters equal to 1.2 Ueq (C6H5) 1.5 Ueq (CH3) times than the parent atom. Graphics
for the molecular structures were created by using ORTEP. [183] Both BF4− counter ions
have been reﬁned on two sets of sites with occupancy ratios of 0.78:0.22 and 0.62:0.38.
The crystal also contained solvent molecules. However, an appropriate reﬁnement using
two sets of sights remained unstable. Thus, the residual electron density referring to
solvent molecules has been removed by using SQUEEZE [172] procedure included in the
PLATON package. [173,174] The unit cell contained an omitted solvent accessible void of
1091.8 Å3 that contained 145 electrons. Referring to the crystallisation procedure this
could correspond to 4 molecules of diethyl ether (= 42 electrons) per cell unit. This
would result in a volume of 273 Å3 per diethyl ether.
Synthesis of the Ligands
4-((6-(1,10-Phenanthrolin-2-yl)pyridin-2-yl)oxy)-N,N -di-p-tolylaniline (C1):
Method 1. 2-(6-bromopyridin-2-yl)-1,10-phenanthroline (500 mg, 1.48 mmol), 4-(di-p-
tolylamino)phenol (160 mg, 1.48 mmol) and potassium tert-butoxide (166 mg, 1.48
mmol) were suspended in DMSO (8 mL) and heated to 135 °C overnight. After cool-
ing distilled water (15 mL) was added and the precipitate was separated using a cen-
trifuge. The precipitate was washed with water twice, centrifuged again and extracted
in CH2Cl2. The organic extract were dried over MgSO4, ﬁltered and reduced to dryness
using a rotary evaporator. To the remaining oil was added CH3CN leading to a yellow
solid. Drying in vacuum yielded 361 mg of the title compound (45 % based on 2-(6-
bromopyridin-2-yl)-1,10-phenanthroline).
EA calcd. for C37H28NO ·H2O · 12 DMSO (%): C 75.85, H 5.53, N 9.31; found: C 75.98,
H 5.11, N 9.37. 1H NMR (500 MHz, CDCl3, 300 K): 9.25 (dd, J = 4.3, 1.7 Hz, 1H,
H 1), 8.75 (dd, J = 7.5, 0.6 Hz, 1H, H 8), 8.61 (d, J = 8.4 Hz, 1H, H 6), 8.31 (d, J =
8.4 Hz, 1H, H 7), 8.27 (dd, J = 8.1, 1.7 Hz, 1H, H 3), 7.89 (t, J = 7.8 Hz, 1H, H 9), 7.84
(d, J = 8.8 Hz, 1H, H 5), 7.80 (d, J = 8.8 Hz, 1H, H 4), 7.65 (dd, J = 8.0, 4.3 Hz, 1H,
H 2), 7.13 (d, J = 1.4 Hz, 4H, H 11, H 12), 7.09 (d, J = 8.3 Hz, 4H, H 13/14), 7.04 (d,
J = 8.5 Hz, 4H, H 13/14), 6.94 (dd, J = 8.1, 0.7 Hz, 1H, H 10), 2.32 (s, 6H, H 15) ppm.
13C NMR (125.80 MHz, CDCl3 300 K): 163.50, 155.86, 154.34, 150.55, 149.15, 146.51,
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145.78, 145.75, 145.03, 140.52, 137.01, 136.36, 132.28, 130.00, 129.19, 128.98, 126.88,
126.73, 124.69, 124.19, 123.07, 122.14, 121.13, 117.35, 111.54, 20.93 ppm. MS-ESI:
545.2336 ([M+H]+, calcd. 545.2336); 567.2155 ([M+Na]+, calcd. 567.2150).
Method 2. 4-(di-p-tolylamino)phenol (590 mg, 2.04 mmol) and potassium tert-butoxide
(191 mg, 1.70 mmol) were suspended in 3 mL of anhydrous THF and heated to 60 °C for 2
h. After removing the solvent in vacuum, 2-(6-bromopyridin-2-yl)-1,10-phenanthroline
(500 mg, 1.48 mmol) was added and heated to 200 °C for 4 h. The chilled reaction
mixture was dissolved in CH2Cl2, extracted with aqueous NaHCO3 solution and dried
over Na2SO4. All volatiles were removed under reduced pressure. Drying in vacuum
yielded 558 mg of the title compound (50 % based on 2-(6-bromopyridin-2-yl)-1,10-
phenanthroline). The received compound was used without puriﬁcation.
2-(6-phenoxypyridin-2-yl)-1,10-phenanthroline (C2): 2-(6-Bromopyridin-2-yl)-
1,10-phenanthroline (500 mg, 1.48 mmol), phenol (139 mg, 1.48 mmol) and potassium
tert-butoxide (166 mg, 1.48 mmol) were suspended in 8 mL of DMSO. The reaction
mixture was heated to 135 °C overnight. After cooling the reaction mixture was mixed
with distilled water and centrifuged. The residue was washed with water and centrifuged
twice. The solid was dissolved in CH2Cl2 and treated with n-hexane. The precipitate
was removed and the solvent evaporated in oil pump vacuum to yield 517 mg of a yellow
solid (73 % based on 2-(6-bromopyridin-2-yl)-1,10-phenanthroline).
EA calcd. for C23H15N3O · 14 DMSO (%): C 76.51, H 4.51, N 11.39; found: C 76.67, H
4.47, N 11.36. 1H NMR (500 MHz, CDCl3, 300 K): 9.23 (dd, J = 4.4, 1.7 Hz, 1H,
H 1), 8.77 (dd, J = 7.5, 0.7 Hz, 1H, H 8), 8.55 (d, J = 8.4 Hz, 1H, H 6), 8.27 (dd, J =
8.2, 1.9 Hz, 2H, H 7, H 3), 7.87 (dd, J = 8.1, 7.6 Hz, 1H, H 9), 7.81 (d, J = 8.8 Hz, 1H,
H 5), 7.78 (d, J = 8.8 Hz, 1H, H 4), 7.65 (dd, J = 8.0, 4.4 Hz, 1H, H 2), 7.47  7.42 (m,
2H, H 11), 7.29  7.24 (m, 3H, H 12, H 13), 6.94 (dd, J = 8.1, 0.7 Hz, 1H, H 10) ppm.
13C NMR (125.80 MHz, CDCl3 300 K): 175.22, 163.02, 155.76, 154.44, 154.27, 150.05,
145.91, 145.29, 140.42, 136.89, 136.73, 129.58, 128.88, 126.74, 126.59, 124.48, 123.08,
121.22, 117.51, 111.81 ppm. MS-ESI: 350.1271 ([M+H]+, calcd. 350.1288); 372.1098
([M+Na]+, calcd. 372.1107).
2-(6-Bromopyridin-2-yl)-1,10-phenanthroline (C4): 2,6-Dibromopyridine (20 g,
86 mmol) was dissolved in 200 mL of dry THF, cooled to 80 °C and nBuLi (92 mmol, 37
mL, 2.5 M in n-hexane) was added. After 20 min stirring at 80 °C 1,10-phenanthroline
(18 g, 100 mmol) dissolved in 200 mL of dry THF was added within a few minutes at
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80 °C. The reaction mixture was stirred for further 2 h at 80 °C. After the addition of
water (30 mL) the suspension was allowed to warm to ambient temperature. The sol-
vents were reduced to about 100 mL and were extracted with CH2Cl2 (3 × 150 mL). To
the combined organic phases activated MnO2 (50 g) was added. The oxidation requires
some hours and the progress can be monitored by NMR spectroscopy. After completed
oxidation the solids were ﬁrst washed with CH2Cl2 (40 mL) and then repeatedly ex-
tracted with CH2Cl2 (several 150 mL portions). Filtration over celite and reduction of
the solvents to dryness yielded the title compound as a white solid (15 g, 44 mmol, 52 %
based on 1,10-phenanthroline). The compound was identiﬁed by 1H NMR spectroscopy
based on data reported by R. P. Thummel et al. [168]
1H NMR (500 MHz, CDCl3, 300 K): 9.25 (d, J =3.4 Hz, 1H), 8.99 (d, J = 7.6 Hz, 1H),
8.81 (d, J = 7.9 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 8.28 (d, J = 7.5 Hz, 1H), 7.84 (m,
2H), 7.77 (t, J = 7.7 Hz, 1H), 7.67 (dd, J = 7.9, 4.2 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H)
ppm. 13C NMR (125.80 MHz, CDCl3 300 K): 171.18, 157.27, 154.59, 150.26, 146.14,
145.54, 141.34, 139.39, 137.05, 136.40, 129.10, 128.44, 127.04, 126.57, 123.08, 121.57,
121.05 ppm. MS-ESI: 336.0118 ([M+H]+, calcd. 336.0136); 357.9940 ([M+Na]+, calcd.
357.9956).
General Synthesis of the Complexes: The ligand (1 eq) and the appropriate metal
salt (1 eq) were suspended in 4 mL of dry EtOH and stirred overnight at ambient tem-
perature. In this time the complexes precipitate from the solution. The precipitate was
separated by centrifugation and washed with EtOH twice. The solid was dissolved in
CH3CN and ﬁltered over Celite. The ﬁltrate was mixed with Et2O until precipitation
formed and centrifuged. The solid was washed with Et2O twice and dried in oil pump
vacuum.
[Co(C1)2](ClO4)2: According to the general procedure, C1 (450 mg, 0.83 mmol) and
cobalt(II) perchlorate hexahydrate (303 mg, 0.83 mmol) yielded 361 mg of the title com-
pound (65 % based on C1). In contrast to the single crystals used for structure analysis
this material was dried in oil pump vacuum. The crystals weather by losing the packing
solvents. To compensate the solvent loss, the voids reﬁll with moisture water to saturate
the ClO 4 ions with hydrogen bonds. This is reﬂected in the elemental analysis.
EA calcd. for C74H56Cl2CoN8O10 ·2H2O (%): C 64.26, H 4.37, N 8.10; found: C 64.24,
H 4.15, N 7.86. 1H NMR (500 MHz, CD3CN, 300 K): 170.76 (bs, LW = 233 Hz, T 1
= 1.4 ms, 2H, H 1), 113.86 (bs, LW = 56.7 Hz, T 1 = 12 ms, 2H, H 7), 88.00 (bs, LW =
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41.4 Hz, T 1 = 15 ms, 2H, H 8), 45.46 (bs, LW = 13.8 Hz, T 1 = 39 ms, 2H, H 10), 44.07
(bs, LW = 16.0 Hz, T 1 = 33 ms, 2H, H 2), 36.26 (bs, LW = 14.1 Hz, T 1 = 55 ms, 2H,
H 5), 29.43 (bs, LW = 16.8 Hz, T 1 = 35 ms, 2H, H 6), 23.63 (bs, LW = 11.4 Hz, T 1 =
85 ms, 2H, H 4), 10.59 (bs, LW = 12.1 Hz, T 1 = 57 ms, 2H, H 9), 7.14 (d, J = 6.8 Hz,
T 1 = 848 ms, 8H, H 14), 6.44 (d, J = 7.0 Hz, T 1 = 398 ms, 8H, H 13), 3.40 (bs, LW
= 10.5 Hz, T 1 = 124 ms, 4H, H 12), 2.31 (bs, LW = 8.5 Hz, T 1 = 828 ms, 12H, H 15),
0.75 (bs, LW = 11.7 Hz, T 1 = 78 ms, 2H, H 3), 9.53 (bs, LW = 72.6 Hz, T 1 = 19
ms, 4H, H 11) ppm. MS-ESI: 1246.3338 ([M-ClO4]+, calcd. 1246.3343).
[Zn(C1)2](ClO4)2: According to the general procedure, from C1 (350 mg, 0.64 mmol)
and zinc(II) perchlorate hexahydrate (238 mg, 0.64 mmol) 162 mg of the title complex
(44 % based on C1) were obtained.
EA calcd. for C74H56Cl2N8O10Zn ·3H2O (%): C 63.14, H 4.44, N 7.96; found: C 62.99,
H 4.05, N 7.92. 1H NMR (500 MHz, CD3CN, 300 K): 8.95 (d, J = 8.6 Hz, 2H, H 6),
8.82 (d, J = 8.6 Hz, 2H, H 7), 8.60 (dd, J = 8.2, 1.4 Hz, 2H, H 1), 8.36 (d, J = 7.5 Hz,
2H, H 8), 8.22 (d, J = 9.1 Hz, 2H, H 5), 8.17 (d, J = 9.1 Hz, 2H, H 4), 8.13 (dd, J =
4.8, 1.4 Hz, 2H, H 3), 8.10 (t, J = 7.9 Hz, 2H, H 9), 7.60 (dd, J = 8.2, 4.8 Hz, 2H, H 2),
7.16 (d, J = 8.2 Hz, 8H, H 14), 6.86 (d, J = 8.2 Hz, 8H, H 13), 6.76 (d, J = 8.3 Hz, 2H,
H 10), 6.52 (d, J = 8.8 Hz, 4H, H 12), 5.70 (d, J = 8.8 Hz, 4H, H 11), 2.32 (s, 12H, H 15)
ppm. MS-ESI: 1251.3297 ([M-ClO4]+, calcd. 1251.3292); 1252.3331 (([M+H-ClO4]+,
calcd. 1252.3370).
[Fe(C1)2](ClO4)2: According to the general procedure, from C1 (300 mg, 0.55 mmol)
and iron(II) perchlorate hexahydrate (140 mg, 0.55 mmol) 210 mg of the title complex
(58 % based on C1) were obtained.
EA calcd. for C74H56Cl2FeN8O10 ·H2O (%): C 65.26, H 4.29, N 8.23; found: C 65.45,
H 4.06, N 8.22. 1H NMR (500 MHz, CD3CN, 300 K): 42.30 (bs, LW = 1700 Hz, 2H,
H 1), 23.60 (bs, LW = 324 Hz, T 1 = 59 ms, 2H, H 7), 19.65 (bs, LW = 230 Hz, T 1 =
62 ms, 2H, H 2), 18.48 (bs, LW = 270 Hz, T 1 = 67 ms, 2H, H 8), 16.77 (bs, LW = 161
Hz, T 1 = 71 ms, 2H, H 10), 11.72 (bs, LW = 28 Hz, T 1 = 198 ms, 2H, H 4), 11.09 (bs,
LW = 22 Hz, T 1 = 160 ms, 2H, H 9), 9.98 (d, J = 7.4 Hz, 2H, H 5), 9.10 (bs, LW =
15 Hz, T 1 = 137 ms, 2H, H 3), 7.03 (d, J = 8.1 Hz, T 1 = 971 ms, 8H, H 13), 6.60 (d,
J = 8.83 Hz, T 1 = 665 ms, 8H, H 14), 6.18 (d, J = 4.6 Hz, T 1 = 286 ms, 4H, H 11),
4.67 (bs, LW = 20 Hz, T 1 = 42 ms, 4H, H 12), 3.00 (bs, LW = 71 Hz, T 1 = 118 ms,
2H, H 6), 2.26 (bs, LW = 3.5 Hz, T 1 = 834 ms, 12H, H 15) ppm. MS-ESI: 1243.3358
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([M-ClO4]+, calcd. 1243.3361).
[Co(C2)2](BF4)2: According to the general procedure, from C2 (400 mg, 1.2 mmol)
and cobalt(II) tetraﬂuoroborate hexahydrate (409 mg, 1.2 mmol) 376 mg of the title
compound were obtained (67 % based on C2).
EA calcd. for C46H30B2CoF8N6O2 ·H2O · 12 CH3CN (%): C 58.21, H 3.48, N 9.39; found:
C 58.21, H 3.38, N 9.24. 1H NMR (500 MHz, CD3CN, 300 K): 179.40 (bs, LW =
211.5 Hz, T 1 = 2.1 ms, 2H, H 1), 116.55 (bs, LW = 55.8 Hz, T 1 = 13 ms, 2H, H 7),
90.53 (bs, LW = 43.5 Hz, T 1 = 16 ms, 2H, H 8), 44.96 (bs, LW = 15.3 Hz, T 1 = 51
ms, 2H, H 10), 44.82 (bs, LW = 18.4 Hz, T 1 = 39 ms, 2H, H 2), 35.36 (bs, LW = 14.8
Hz, T 1 = 68 ms, 2H, H 5), 29.65 (bs, LW = 17.8 Hz, T 1 = 43 ms, 2H, H 6), 22.04 (bs,
LW = 11.4 Hz, T 1 = 111 ms, 2H, H 4), 12.03 (bs, LW = 13.2 Hz, T 1 = 66 ms, 2H,
H 9), 4.10 (t, J = 6.7 Hz, T 1 = 315 ms, 2H, H 13), 2.63 (bs, LW = 15.4 Hz, T 1 =
175 ms, 4H, H 12), 2.65 (bs, LW = 12.0 Hz, T 1 = 110 ms, 2H, H 3), 11.77 (bs, LW
= 48.3 Hz, T 1 = 23 ms, 4H, H 11) ppm. MS-ESI: 844.1794 ([M-BF4]+, calcd. 844.1780).
[Co(C2)2](BF4)3: [Co(C2)2](BF4)2 (134 mg, 0.143 mmol) was dissolved in dry CH3CN
(3 mL). Nitrosyl tetraﬂuoroborate (25 mg, 0.214 mmol) was added and stirred for 3 h
at room temperature. Et2O was added until a precipitate was formed and centrifuged.
The solid was was with Et2O and dried in vacuum to yield 140 mg of the title complex
(96 % based on [Co(C2)2](BF4)2).
EA calcd. for C46H30B3CoF12N6O2 · 12 CH3CN ·3 H2O (%): C 51.66, H 3.46, N 8.33;
found: C 51.72, H 3.21, N 8.52. 1H NMR (500 MHz, CD3CN, 300 K)*: 9.19 (d, J =
8.7 Hz, T 1 = 373 ms, 2H, H 6), 8.97 (d, J = 8.7 Hz, T 1 = 210 ms, 2H, H 7), 8.72 (d, J
= 8.1 Hz, T 1 = 663 ms, 2H, H 3), 8.45 (d, J = 9.0 Hz, T 1 = 489 ms, 2H, H 5), 8.41 (d,
J = 7.5 Hz, T 1 = 245 ms, 2H, H 8), 8.37 (d, J = 8.9 Hz, T 1 = 610 ms, 2H, H 4), 8.09
(t, J = 7.9 Hz, T 1 = 509 ms, 2H, H 9), 7.58 (m, T 1 = 331, 2H, H 2), 7.28 (m, T 1 = 1
s, 6H, H 12, H 13), 7.18 (d, J = 5.4 Hz, T 1 = 162 ms, 2H, H 1), 6.48 (d, J = 8.5 Hz, T 1
= 393 ms, 2H, H 10), 6.16 (bs, T 1 = 282 ms, 4H, H 11) ppm.
* T1 times are determined by the self-exchange and therefore they are strongly inﬂuenced
by Co2+ impurities, even if they are only percent small amounts <0.1 %.
[Co(C3)2](ClO4)2: 2-(Pyridin-2-yl)-1,10-phenanthroline [167] (C3) (200 mg, 0.78 mmol)
was dissolved in a mixture of EtOH (5 mL) and CH2Cl2 (10 mL). To this solution
[Co(H2O)6](ClO4)2 (200 mg, 0.6 mmol) dissolved in EtOH (3 mL) was added dropwise.
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The solution turned immediately brown and a precipitate formed. The precipitate was
collected by centrifugation and washed with EtOH and Et2O. The solid was dried in
vacuum to yield [Co(C3)2](ClO4)2 (320 mg, 0.42 mmol) as a brown-orange solid.
EA calcd. for C34H22Cl2CoN6O8 (%): C 52.87, H 2.87, N 10.88; found: C 52.37, H 2.82,
N 11.17. 1H NMR (500 MHz, CD3CN, 300 K): 137.79 (bs, LW = 162 Hz, T 1 = 2.4
ms, 2H, H 1/H 11), 100.24 (bs, LW = 153 Hz, T 1 = 2.5 ms, 2H, H 1/H 11), 85.69 (bs,
LW = 27 Hz, T 1 = 19 ms, 2H, H 7), 79.58 (bs, LW = 26 Hz, T 1 = 22 ms, 2H, H 8),
41.36 (bs, LW = 14 Hz, T 1 = 40 ms, 2H, H 7), 36.07 (bs, LW = 12 Hz, T 1 = 48 ms,
2H, H 10), 32.15 (bd, J = 7 Hz, T 1 = 83 ms, 2H, H 5), 26.36 (bs, LW = 12 Hz, T 1 =
58 ms, 2H, H 6), 24.11 (bd, J = 7 Hz, LW = 7 Hz, T 1 = 112 ms, 2H, H 4), 10.61 (bs,
LW = 10 Hz, T 1 = 90 ms, 2H, H 9), 4.43 (bs, LW = 9 Hz, T 1 = 107 ms, 2H, H 3) ppm.
[Co(C3)2]3+ in CD3CN obtained by in situ oxidation using (N(p-C6H4Br)3)(SbCl6).
1H NMR (500 MHz, CD3CN, 300 K): 9.67 (d, J = 9.0 Hz, T 1 = 713 ms, 2H, H 6),
9.31 (d, J = 8.7 Hz, T 1 = 505 ms, 2H, H 7), 8.77 (d, J = 9.0 Hz, T 1 = 550 ms, 2H,
H 8), 8.72 (d, J = 8.7 Hz, T 1 = 890 ms, 2H, H 3), 8.70 (d, J = 9.2 Hz, T 1 = 850 ms,
2H, H 5), 8.47 (d, J = 9.0 Hz, T 1 = 900 ms, 2H, H 4), 8.27 (td, J = 7.5, 1.3 Hz, T 1 =
830 ms, 2H, H 9), 7.55 (dd, J = 8.3, 5.6 Hz, T 1 = 750 ms, 2H, H 2), 7.35 (td, J = 6.0,
1.0 Hz, T 1 = 2.2 s, 2H, H 11), 7.34 (dd, J = 6.0, 1.0 Hz, T 1 = 890 ms, 2H, H 1), 7.31
(dd, J = 6.0, 1.0 Hz, T 1 = 702 ms, 2H, H 10) ppm.
[Co(C4)2](BF4)2: Complex [Co(C4)2](BF4)2 was prepared as described above.
EA calcd. for C34H20B2Br2CoF8N6 (%): C 43.40, H 2.57, N 8.93; found: C 43.12, H
2.55, N 8.69. 1H NMR (500 MHz, CD3CN, 300 K): 244.77 (bs, LW = 460 Hz, T 1 =
0.9 ms, 2H, H 1), 141.61 (bs, LW = 116 Hz, T 1 = 6.3 ms, 2H, H 7), 107.67 (bs, LW =
86 Hz, T 1 = 8 ms, 2H, H 8), 50.57 (bs, LW = 20 Hz, T 1 = 20 ms, 2H, H 2), 34.68 (bs,
LW = 14 Hz, T 1 = 31 ms, 2H, H 10), 34.50 (bs, LW = 19 Hz, T 1 = 24 ms, 2H, H 6),
31.96 (bs, LW = 44 Hz, T 1 = 45 ms, 2H, H 5), 19.77 (bs, LW = 17 Hz, T 1 = 35 ms,
2H, H 9), 14.14 (bs, LW = 10 Hz, T 1 = 103 ms, 2H, H 4), 11.14 (bs, LW = 20 Hz,
T 1 = 76 ms, 2H, H 3) ppm. MS-ESI: 815.9473 ([M-BF4]+, calcd. 815.9466), 816.9481
([M+H-BF4]+, calcd. 816.9545).
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Figure C5-SI ORTEP (50 % probability level) of the molecular structure of
[Co(C1)2](BF4)2 showing intermolecular parallel (displaced) pi-pi interactions (green,
blue). Hydrogen atoms, the complete labelling and counter ions have been omitted for
clarity. a) Slippage: 2.633 Å.
Colour Distance/Å Plane intersection Symmetry operation
green 4.4637(15)a) 0° (A) x, y, 2z
blue 3.6533(13) 0.43(11)° (B) 1x, 1y, 2z
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Table C6-SI C· · ·F Distances within the sum of the van-der-Waals radii (Σ = 3.17 Å)
in the packing of compound [Co(C1)2](BF4)2
DH· · ·A H· · ·A [Å] D· · ·A [Å] DH· · ·A [◦] Symmetry Operation
C1H1· · ·F1 2.53 3.066(4) 117 
C2H2· · ·F1 2.52 3.049(5) 116 
C14H14· · ·F3 2.42 3.162(3) 137 x, 1+y, z
C23H23· · ·F4 2.44 3.096(4) 128 x, 1y, 2z
C39H39· · ·F5 2.47 3.028(4) 119 1x, 1y, 2z
C52H52· · ·F5 2.37 3.150(5) 141 x, 1y, 2z
The DH distance has been ﬁxed at 0.93 Å.
Figure C6-SI UV-vis-NIR spectra of [Co(C2)2](BF4)2 in CH3CN at 25 °C, 2D plot
(a) and 3D plot (b). Potential dependence of the absorption bands (c). The increasing
absorption at 386 nm with a small shoulder at 490 nm is caused by the cobalt oxidation
Co2+/3+.
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Figure C7-SI UV-vis-NIR spectra of [Zn(C1)2](ClO4)2 in CH3CN at 25 °C, 2D plot (a)
and 3D plot (b). The rising absorption at 377 and 682 nm with shoulders at 515 and 580
nm are caused by the Tara oxidation and are characteristic for Tara+ radical cations. [170]
The EPR spectrum of [Zn(C1+)2]4+ (c) and relative changes in the absorbance (UV-vis)
and spin count (EPR) in dependence of potential.
Figure C8-SI EPR spectrum of [Fe(C1)2]2+ (1 mM) partially oxidised (0.5 equiv.) to
[Fe(C1+)2]4+.
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Figure C9-SI In situ absorption spectra of [Co(C1)2](BF4)2 , 2D plot (a) and 3D
plot (b). Potential dependence of the absorption bands and EPR intensity (c). EPR
spectrum recorded at diﬀerent temperatures (d).
Figure C11-SI 1H NMR spectrum of [Co(C1)2](ClO4)2 in CD3CN at 25 °C.
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Figure C15-SI 1H NMR spectrum of [Co(C2)2](BF4)3 in CD3CN at 25 °C.
Figure C17-SI 1H,1H-COSY spectrum of [Co(C1)2](ClO4)2 in CD3CN at 25 °C.
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Table C10-SI NMR data of [Co(C1)2](ClO4)2
Proton δ [ppm] d(CoH) [Å] T 1 [ms] R1 = 1/T 1 [ms−1] 1/d6 [Å−6]
1 170.76 3.267 1.4 0.7143 8.224 · 10−4
2 44.07 5.208 33 0.0305 5.012 · 10−5
3 0.75 5.864 78 0.0128 2.459 · 10−5
4 23.63 6.212 85 0.0118 1.740 · 10−5
5 36.26 6.185 55 0.0181 1.786 · 10−5
6 29.43 5.731 35 0.0285 2.822 · 10−5
7 113.86 5.007 12 0.0870 6.347 · 10−5
8 88.00 5.015 15 0.0676 6.286 · 10−5
9 10.59 5.866 57 0.0175 2.454 · 10−5
10 45.46 5.222 39 0.0255 4.931 · 10−5
11 9.53 4.544 19 0.0532 1.136 · 10−4
12 3.40 6.785 124 0.0081 1.025 · 10−5
13 6.44 8.184 398 0.0025 3.328 · 10−6
14 7.14 9.985 848 0.0012 1.009 · 10−6
15 2.31 11.720 828 0.012 3.859 · 10−7
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Figure C19-SI Results of 1H NMR spectroscopic investigations on [Fe(C1)2](ClO4)2.
(top left) plot of the distance dependent relaxivity R1 the constant ratio for the rigid
part indicates an orientation independent magnetic moment and electron relaxation
time. (top right) Plot of the R1 vs. 1/d6 the linear dependence indicate mainly dipolar
coupling. (bottom left) Plot of the LW = R2/pi vs. 1/d6 the linear dependence indicate
mainly dipolar coupling.
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Figure C20-SI Results of the 1H NMR spectroscopy on [Co(C2)2](BF4)2. (top left)
The variation ratio between R1 and 1/d6 indicates an anisotropic susceptibility which
also becomes apparent in the strong diﬀerent chemical shifts for H 2/H 10 (≈ 45 ppm)
and H 7/H 8 (≈ 100 ppm). However the ratio R1/R2 is constant within the errors of the
experiment. This indicates an orientation independent electron relaxation time. (top
right) Plot of the R1 vs. 1/d6 the linear dependence indicate mainly dipolar coupling.
(bottom left) Plot of the LW = R2/pi vs. 1/d6 the linear dependence indicate mainly
dipolar coupling.
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Figure C22-SI Section of 1H NMR spectra of the Co3+ complex [Co3+(C1)2]3+ along
with the T 1 times recorded by inversion recovery experiments using a selective inversion
on the Co3+ resonances.
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Figure C23-SI Sections of 1H NMR spectra of [Co(C2)2](BF4)3 (a) which was reduced
step-wisely with a substochimetric amount of 4-methoxy-N,N -di-p-tolylaniline (b, c, d)
to generate the Co2+ species of the complex. The signals for the protons of the Co3+
species broaden due to electron transfer reactions between the cobalt cores.
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Figure C24-SI Section of 1H,1H EXSY-NMR spectra of [Co(C2)2](BF4)3 which is
partly reduced to [Co(C2)2](BF4)2 by adding a substoichiometric amount of 4-methoxy-
N,N -di-p-tolylaniline. The triaryl amine is a catalyst for the electron transfer between
the two cobalt species, that accelerates the electron transfer from the seconds timescale
to the ms timescale. The values given in brackets are the chemical shifts in ppm for the
CoII and CoIII species respectively.
Figure C25-SI Section of 1H,1H EXSY-NMR spectra of [Co(C2)2](BF4)3 which is
partly reduced to [Co(C2)2](BF4)2 by adding a substoichiometric amount of 4-methoxy-
N,N -di-p-tolylaniline. The triaryl amine is a catalyst for the electron transfer between
the two cobalt species, that accelerates the electron transfer from the seconds timescale
to the ms timescale. The values given in brackets are the chemical shifts in ppm for the
CoII and CoIII species respectively.
49
Chapter C
Figure C31-SI Sections of 1H NMR spectra of [Co(C1)2](ClO4)2 in CD3CN with 2
eq oxidant (N(p-C6H4Br)3)(SbCl6) at 25 °C (a), 0 °C (b), 15 °C (c) and 45 °C (d).
At 25 °C broad signals are visible for both Co2+ and Co3+ species. At lower tempera-
tures the signals sharpen for both redox states indicating a slower self-exchange between
[Co2+/3+(C1)2]2+/3+.
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Figure C32-SI Section of 1H NMR spectra of [Zn(C1)2](ClO4)2 in CD3CN at 25 °C
(a). The complex was oxidised step-wisely with 0.3 eq (b) and 0.6 eq (c) of (N(p-
C6H4Br)3)(SbCl6). The two signal of the phenoxyl unit at δ = 6.52 and 5.70 ppm (H 11
and H 12, blue boxes) and the signals of the tolyl part at δ = 7.16 and 6.86 ppm (H 13
and H 14, green boxes) disappear completely after adding the oxidant due to the strong
scalar coupling to the organic radical. Scalar coupling to an organic radical dramatically
increase the transvers relaxation. The signals of the pyridine unit (red boxes) broaden
after adding the oxidant which shows a smaller and coupling of the pyridine protons
with the oxidised Tara whereas the protons of the phenanthroline unit barely show a
coupling and increased line broadening.
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Figure C33-SI Sections of the 1H NMR spectra of [Fe(C1)2](ClO4)2 (a) and after
the addition of the oxidant (N(p-C6H4Br)3)(SbCl6) (b) in CD3CN at 25 °C. With
adding the oxidant the nitrogen of the triaryl amine moiety is oxidised forming a rad-
ical cation. All the signals of the tolyl (H 13H 14), phenoxyl (H 11 and H 12) (green
boxes) and the methyl protons disappear. Two new signals appear for the reduced
(N(p-C6H4Br)3)(SbCl6) (*). The signal at δ = 9.10 ppm broadens after oxidation indi-
cating a lower coupling to the Tara+ radical (violet boxes) than the previously mentioned
protons and is assigned to a proton of the pyridyl unit. The protons of the phenanthro-
line unit exhibit no coupling with the triaryl amine radical cation (e.g. δ = 9.98 ppm).
The results of this experiment mirror results obtained for [Zn(C1)2]2+/3+ (vide supra).
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Figure C34-SI Plot and ﬁt for the processed data of the variable temperature VT
vis-experiment of [Fe(C1)2](ClO4)2. From the best ﬁt the T 1/2, ∆SCOH and ∆SCOS
were calculated to 344(0.6) K, 21.7(0.2) kJ mol−1 and 63 kJ mol−1 K−1. Errors in
parentheses are statistical errors that ignore systematic errors and realistic estimates
give an uncertainty of ±10 K for T 1/2 and ±5 J mol−1 K−1 for ∆SCOS.
Figure C36-SI Curie plot of the chemical shift T product vs. 1/T for [Fe(C1)2](ClO4)2.
Please note that for regular Curie-like behaviour a plot of the HS-fraction should be
equivalent only scaled by the Curie constant. Within the errors of this experiment this
is indeed the case.
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D1 Introduction
Metal complexes with multiple redox centres have gained interest, for example, in the
development of sensors, electrochromic materials and memory storage media. [184187]
Intramolecular charge transfer (CT) between redox centres have been widely investi-
gated on inorganic mixed-valent complexes with two metal redox centres. [78,79,109,188190]
Similarly, organic mixed-valent compounds [82,191] have attracted attention but hybrid
organic/inorganic redox-active complexes have provoked a dynamic issue in CT re-
search. Modulation of redox states and even spin multiplicities leads to characteristic
changes in optical, magnetic and structural properties. [17,192] Stimuli are most commonly
a change in temperature and/or light-irradiation. In this context, polypyridine com-
plexes of Ru, [184186,193198] Os [199202] and Zn [203207], respectively, bearing triaryl amines
(Taras) have attracted great attention, but less common are cobalt complexes. [208,209]
The combination of redox-active cobalt ions and Taras in one molecule leads to hy-
brid materials with interesting properties such as enhanced light absorption, [185,195] elec-
trochromism, [196,210] metal-to-ligand or ligand-to-metal charge transfer [194,211] (MLCT,
LMCT) and spin transition. The LS-Co3+/HS-Co2+ (LS = low spin, HS = high spin)
redox couple has been an intriguing building block for charge transfer induced spin transi-
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tion (CTIST) complexes. [16,43,44,212] Common examples are Prussian-blue analogues [15,51]
and catecholate/semiquinonate [46,213,214] systems. Their CTIST behaviour in the solid
state has been investigated in detail but there is a lack of examination of the CTIST in
solution. [15,104]
Figure D1 Parabolic representation of the CTIST in complexes [Co(L)2]3+ (L = D1a
c). LS = low-spin, HS = high-spin.
Recently, we reported on the synthesis, the molecular structure and redox behaviour
of [Co(D1a)2]2+, [215] possessing two phenanthroline-pyridyl based ligands which bear a
redox-active Tara unit. Cyclic voltammetry and coupled EPR/UV-vis-NIR spectroelec-
trochemistry in acetonitrile evinced that the ﬁrst oxidation process of [Co(D1a)2]2+
is Co-centred followed by the Tara-centred oxidation. The redox separation of the
Co- and Tara-centred redox process in [Co(D1a)2]2+−5+ amounts ∆E 0' ≈ 250 mV.
However, an equilibrium (Figure D1) between the redox isomers [Co3+(D1a)2]3+ and
[Co2+(D1a)(D1a+)]3+ was not directly observed. Co-centred redox events (reaction on
the electrodes and self-exchange reaction) involving the LS-Co3+/HS-Co2+ redox couple
are mediated by the presence of the Tara unit, indicating the presence of paramagnetic
[Co2+(D1a)(D1a+)]3+ as a small fraction of the [Co(D1a)2]3+ redox state (Parabolic
representation in Figure D1).
In search of complexes that are in a genuine equilibrium between the paramagnetic and
diamagnetic state of [Co(L)2]3+, we modiﬁed the para-substituents R1 and R2 of the
Tara units. The variation of the Tara para-substituents is an eﬃcient way of ﬁne tuning
its redox properties. Furthermore, enhanced intramolecular electron transfer in relation
to small redox splitting (∆E 0') of the donor and acceptor unit was reported. [6365] To
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decrease the redox separation between both redox sites, the Taras were alternated by
introducing electron-rich methoxy groups. Substitution of a methyl group by a methoxy
group reduces the redox potential of the Tara by approximately 70 mV. [170] Similarly, a
diﬀerence in the solvents polarity can have a substantial eﬀect on the redox potentials
of the Co3+/2+ and Tara+/0 couples. [152] Therefore, the redox behaviour of complexes
[Co(L)2](ClO4)2 (L = D1ac) were investigated by cyclic voltammetry and coupled
EPR/UV-vis-NIR spectroelectrochemistry in acetonitrile and dichloromethane. The re-
sults are supported by variable temperature (VT) NMR and vis-NIR spectroscopy of in
situ oxidised [Co(D1c)2](ClO4)2.
D2 Results and Discussion
Synthesis and Characterisation
Compounds D1ac were synthesised from 2-(6-bromopyridine-2-yl)-1,10-
phenanthroline [215] by a solvent-free melt reaction with an appropriate potassium salt
of the respective para-hydroxyl-Tara (Tara = triaryl amine). The potassium salts of
the hydroxyl-Taras were prepared in THF solution using KOtBu. After removing all
volatiles, 2-(6-bromopyridine-2-yl)-1,10-phenanthroline was added and the reaction mix-
ture was heated until both components melted (> 150 °C). Appropriate work-up and
column chromatography aﬀorded compounds D1ac in moderate to good yields. The
Co2+ complexes were received after mixingD1ac with [Co(H2O)6](ClO4)2 in ethanol so-
lutions as air and moisture stable yellow solids. The synthesis methodologies are outlined
in Scheme D1. All compounds were characterised by elemental analysis, mass spectrom-
etry, 13C NMR (diamagnetic compounds only) and 1H NMR spectroscopy. A detailed
description of the synthesis and experimental data can be found in the Experimental
Section and in the Electronic Supporting Information (ESI).
1H NMR spectra of complexes [Co(L)2](ClO4)2 (L = D1ac) in d3-acetonitrile reveal
a paramagnetic behaviour caused by the d7 high-spin conﬁguration of the metal. At
298 K, proton resonances spread from about δ = 170 to 10 ppm. Only the aromatic
proton resonances of the tolyl and anisyl groups retain their doublet character (3JH,H
coupling) due to the spatial distance to the paramagnetic Co2+ ion (1/r 6 dependence
of the relaxation enhancement). Short T 1 relaxation times of the proton resonances are
the result of dipolar coupling of the proton spins with the unpaired d-electrons of the
cobalt ion (T 1 = 1  4 ms for H 1). Having regard to the intermediate ligand strength
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Scheme D1 Synthesis of D1ac and their corresponding Co2+ complexes [Co(D1a
c)2](ClO4)2. The small italic numbers indicate the proton labelling.
of o-substituted 2-(pyridine-2-yl)-1,10-phenanthrolines [216,217] and previously reported
details on [Co(D1a)2]2+, [215] complexes [Co(L)2](ClO4)2 (L = D1ac) are exclusively
regarded as high-spin. The 1H NMR spectrum of [Co(D1c)2](ClO4)2 at 198 K exhibits a
strong paramagnetic shift of the 2-(pyridine-2-yl)-1,10-phenanthroline proton resonances
to lower ﬁeld accompanied by substantial line broadening in accordance with the Curie
behaviour and the increased solvent viscosity. The rotation of the phenyl rings with H 11
and H 12 is slowed down leading to additional line broadening for the resonances at δ
= 5.36 and 16.56 ppm (line widths = 396 and 600 Hz). Sub-stoichiometric oxidation of
[Co(D1c)2]2+ to [Co(D1c)2]3+ with (N(p-C6H4Br)3)(SbCl6) leads to spreading out of all
resonances at 298 K as a result of fast electron transfer between these two species (Fig-
ure D15-SI). Cooling d6-acetone solutions down to 193 K decelerates the electron trans-
fer and consequently the resonances sharpen for both [Co(D1c)2]2+ and [Co(D1c)2]3+,
respectively. The signals for the aromatic protons of [Co(D1c)2]3+ are observed be-
tween δ = 10 and 5.5 ppm revealing the diamagnetic LS-Co3+ state. The assignment of
the [Co3+(D1c)2]3+ resonances was achieved by measuring the 1H,1H COSY spectrum
and previously recorded EXSY spectra on related complexes. [215] In Co3+ polypyridyl
complexes, the CoN bond lengths are shorter than in Co2+ polypyridyl species. [147,218]
Hence, the rotation of the phenyl rings bearing H 11 and H 12 is hindered and two sets of
resonances (four resonances in total) can be observed in the 1H NMR spectrum (Figure
D16-SI).
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Electrochemistry
Complexes [Co(L)2](ClO4)2 (L = D1ac) contain three redox-active centres, a Co2+ ion
and two Tara units. Electrochemical studies are frequently employed to examine redox
potentials and possible electronic coupling between the redox-active units. Thus, the
redox behaviour of [Co(L)2](ClO4)2 (L = D1ac) was studied by cyclic and square wave
voltammetry. Cyclic voltammograms (CVs) and square wave voltammograms (SWVs)
were recorded from anhydrous acetonitrile or dichloromethane solution of the respective
complex (1 mM) with weakly coordinating [nBu4N][B(C6F5)4] (100 mM) as supporting
electrolyte [149,219] at 25 °C. All potentials were referenced to the ferrocene/ferrocenium
(FcH/FcH+) redox couple. [220] Pertinent data is summarised in Table D1. Figure D2
presents the corresponding CVs.
Figure D2 Cyclic (solid) and square wave (dotted) voltammograms of (a)
[Co(D1a)](ClO4)2, (b) [Co(D1b)2](ClO4)2 and (c) [Co(D1c)2](ClO4)2 in CH3CN
(left) and in CH2Cl2 (right). Measurement conditions: 1.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan rate 100 mV s−1 (CV)
and 2 mV s−1 (SWV), glassy carbon electrode, 25 °C.
The CVs of complexes [Co(L)2](ClO4)2 (L = D1ac) in acetonitrile solution exhibit
two redox events. The ﬁrst redox process can be assigned to the Co3+/2+ redox process
followed by the Tara-centred redox process at higher potentials. The Tara groups are oxi-
dised in a two-electron event consisting of two reversible superimposed redox waves. This
indicates an insigniﬁcant electrostatic interaction between the two Taras which is char-
acteristic for distinct Tara nitrogen atoms. [221,222] The Co3+/2+ redox potentials remain
constant with E 01'(Co
3+/2+) = 284, 290, 289 mV in the series [Co(L)2](ClO4)2 (L =D1a
c). Usually, the Co3+/2+ redox process is characterised by large peak-to-peak separation
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due to large inner reorganisation. [147,215,223] So noteworthy is the decrease in the peak-
to-peak separation of the Co-centred redox process within the series of [Co(L)2](ClO4)2
(∆E p(Co3+/2+) = 106 (L =D1a), 70 (L =D1b), 60 (L =D1c) mV) concomitant with a
smaller gap between the redox potentials of Co3+/2+ and Tara+/0. This can be explained
by the mediator eﬀect of the Tara unit, which catalyses the Co3+/2+ redox process. [171,215]
In this case, the Tara-centred oxidation to [Co2+(L)(L+)]3+ is kinetically favoured due
to the small inner reorganisation energy of the Tara+/0 redox couple. An intramolecular
electron transfer leads to the thermodynamic product [Co3+(L)2]3+. [215] The Co3+/2+
reduction peak in the CV of [Co(D1a)2](ClO4)2 is sluggish. In contrast, this process
is clearly visible in the CV of [Co(D1b)2](ClO4)2. The Tara-centred redox process is
shifted cathodically from E 02'(Tara
+/0) = 531 mV in [Co(D1a)2](ClO4)2 to E 02'(Tara
+/0)
= 440 mV in [Co(D1b)2](ClO4)2 and E 02'(Tara
+/0) = 374 mV in [Co(D1c)2](ClO4)2,
due to the electron donor eﬀect of the methoxy groups in the Tara units. The Co-
and Tara-centred redox processes in [Co(D1c)2](ClO4)2 are merged with a redox sep-
aration of ∆E 0' = 85 mV. Therefore, the SWV was used for the determination of the
redox potentials. Cooling to 5 °C leads to a cathodic shift of the redox potentials in
[Co(D1c)2](ClO4)2 (E 01'(Co
3+/2+) = 210 mV, E 02'(Tara
+/0) = 320 mV). The redox sep-
aration with ∆E 0' = 110 mV has increased compared to the situation at 25 °C as result
of more facile formation of the [Co3+(L)2]3+ species rather than [Co2+(L)(L+)]3+ (L =
D1c) at lower temperatures (Figure D1-SI).
Redox processes are widely inﬂuenced by the solvents used. Polar solvents (r > 15) are
more capable of stabilising highly charged cations such as metal redox couples Mn+/m+
(m 6= 0, n > m > +1). [152] Neutral and singly charged cations such as organic radicals
are less susceptible for such eﬀects. In consequence we can expect a diﬀerent response
of potentials for the Co3+/2+ and Tara+/0 redox process. A decrease in polarity of the
solvent destabilises the highly charged [Co3+(L)2]3+ relative to the isomer structure
[Co2+(L)(L+)]3+. Possibly an inversion of the order of redox processes can be achieved
by variation of the solvent from CH3CN (r = 35.9) to CH2Cl2 (r = 8.93). The CVs
and SWVs of [Co(L)2](ClO4)2 (L = D1ac) were recorded in CH2Cl2 under stationary
measurement conditions.
CVs of [Co(L)2](ClO4)2 (L = D1ac) in CH2Cl2 exhibit again two redox events, as dis-
cussed earlier (Figure D3). However, compared to the situation in CH3CN, the order of
oxidation steps in CH2Cl2 is inversed. The Tara+/0 redox events occur as two overlap-
ping independent redox waves at E 01'(Tara
+/0) = 468, 364, 296 mV for [Co(L)2](ClO4)2
(L = D1ac), which are cathodically shifted up to 80 mV relative to CH3CN solu-
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tions. The Tara redox process is followed by a Co3+/2+ redox event at higher potentials.
The E 0' values for the Co3+/2+ redox potentials in the series of [Co(L)2](ClO4)2 (L =
D1ac) are similar (E 02'(Co
3+/2+) = 598, 578, 581 mV). The Co-centred redox process
is shifted anodically by ≈ 300 mV in comparison to CH3CN solutions. The Tara+/0 and
Co3+/2+ potential shifts verify the above mentioned inﬂuence of the solvent permittiv-
ities on diﬀerently charged species. The smallest redox separation in dichloromethane
solutions with ∆E 0' = 130 mV is found for [Co(D1a)2](ClO4)2. The diﬀerence between
the Tara+/0 and Co3+/2+ redox potentials increases in [Co(L)2](ClO4)2 (L = D1b, c)
with the increasing electron donating character of the para-substituents at the Tara units
(∆E 0' = 214, 285 mV).
Table D1 Cyclic voltammetry data of [Co(D1ac)2](ClO4)2 in CH3CN and CH2Cl2. E 0'
is the formal potential, ∆E p is the diﬀerence between the oxidation and reduction peak
potentials, ∆E 0' is the diﬀerence between the Co3+/2+ and Tara+/0 formal potentials.
Measurement conditions: 1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as
supporting electrolyte, scan rate 100 mV s−1, glassy carbon electrode, 25 °C.
Solvent E01'(Co
3+/2+) ∆Ep(Co
3+/2+) E02'(Tara
+/0) ∆Ep(Tara
+/0) ∆E0'
CH3CN [mV] [mV] [mV] [mV] [mV]
[Co(D1a)2](ClO4)2 284 106 531 68 247
[Co(D1b)2](ClO4)2 290 70 440 80 150
[Co(D1c)2](ClO4)2 289 60 374 90 85
Solvent E01'(Tara
+/0) ∆Ep(Tara
+/0) E02'(Co
3+/2+) ∆Ep(Co
3+/2+) ∆E0'
CH2Cl2 [mV] [mV] [mV] [mV] [mV]
[Co(D1a)2](ClO4)2 468 96 598 84 130
[Co(D1b)2](ClO4)2 364 74 578 90 214
[Co(D1c)2](ClO4)2 296 68 581 98 285
UV-vis-NIR Spectroelectrochemistry
UV-vis-NIR spectra of [Co(L)2](ClO4)2 (L = D1ac) exhibit one intense absorption
around λ ≈ 300 nm both in CH3CN and CH2Cl2. This absorption can be attributed
to a pi-pi* transition within the phenanthroline-pyridyl ligand and/or a Tara absorp-
tion. [167,170,171,224,225] The complexes are transparent at λ > 400 nm. In contrast, UV-vis-
NIR spectra of Co3+- and particularly Tara+-centred transitions show characteristic ab-
sorptions. An absorption band related to the Co3+/2+ redox process of
[Co3+/2+(D1a)2]3+/2+ in CH3CN was observed at λ = 382 nm. [215] The Tara+-centred
transitions of [Co3+(D1a+)2]5+ appeared at λ = 682 nm with a shoulder at λ = 558 nm
and a higher-energy transition at λ = 365 nm. [215] These are characteristic absorptions
60
Chapter D
for Tara radicals. [170,171] To verify these statements UV-vis-NIR spectroelectrochemistry
measurements of [Co(L)2](ClO4)2 (L = D1ac) (2 mM) were carried out in anhydrous
CH3CN and CH2Cl2, respectively, using an OTTLE [226] cell (optically transparent thin-
layer electrochemistry cell, quartz windows) with [nBu4N][B(C6F5)4] (0.1 M) as support-
ing electrolyte at 25 °C.
Figure D3 UV-vis-NIR spectra of [Co(D1c)2](ClO4)2 at rising potentials vs. Ag/AgCl
in CH2Cl2. The black dashed line is recorded after the series of oxidation measurements
at 0.3 V to prove the reversibility. Measurement conditions: 2.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 M) as supporting electrolyte, 25 °C.
An absorption band related to the Co3+/2+ redox process appears at λmax = 382, 379, 380
nm for complexes [Co3+(L)2]3+ (L = D1ac) in CH3CN solutions. This transition was
veriﬁed by EPR/UV-vis-NIR spectroelectrochemistry measurements (vide infra) and
appears at lower potentials than the Tara+-related absorption bands in [Co(L)2](ClO4)2
(L = D1a, b) (Figures D2-SI and D3-SI). For [Co(D1c)2](ClO4)2 a concomitant growth
of the Co3+/2+ transition and Tara+ absorptions is observed (Figure D4-SI). The Tara+
absorption of [Co3+(L+)2]5+ (L =D1ac) appears at λmax = 682, 720, 753 nm in CH3CN
as intense band (max = 25,000  50,000 L mol−1 cm−1) accompanied by a weaker shoulder
between λ = 450  600 nm and a higher-energy transition at λ = 365, 362 and 363 nm.
A bathochromic shift of the absorption in the vis region is observed with increasing
M-donor eﬀect of the Tara+ substituents R1/2 within the series of [Co3+(L+)2]5+ (L =
D1ac). This tendency is also observed for the Tara+ transition in CH2Cl2 solutions
(λmax = 698, 736, 778 nm for [Co3+/2+(L+)2]5+/4+ (L = 1ac)). The higher-energy
transition of the Tara+ in CH2Cl2 is shifted around 10  16 nm to λmax = 349, 352,
353 nm for [Co3+/2+(L+)2]5+/4+ (L = D1ac) compared to the situation in CH3CN. A
transition which is connected to the Co3+/2+ redox process was found at λmax = 369, 368,
366 nm for [Co3+/2+(L+)2]5+/4+ (L = D1ac) in CH2Cl2. Its intensity is smaller with
respect to the measurements in CH3CN solutions, possibly due to the spin interaction
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(vide infra). Charge transfer bands, assignable to a direct electron transfer between the
Co and Tara redox centres in their oxidised or reduced state, cannot be observed in
both solvents. This is mainly caused by the large distance (d ≈ 8.4 Å) [215] between the
two redox centres and the consequent weak electronic coupling. Similarly, indication for
an ICVT charge transfer band assignable to charge transfer between Tara and Tara+
in [Co3+(L)(L+)]4+ redox states is not found. [222] All oxidations from [Co2+(L)2]2+ to
[Co3+(L+)2]5+ (L =D1ac) were reversible which was proven by recording an additional
spectrum after reduction at 0.3 V (Figure D3).
VT vis-NIR Spectroscopy
CVs of [Co(D1c)2](ClO4)2 in CH3CN indicated a diﬀerence between the Co- and Tara-
centred redox potentials of only ∆E 0' = 85 mV. However, electronic communication
between the Co and Tara is too weak to be detected in the UV-vis-NIR spectroelectro-
chemical measurements for the in situ generated [Co(D1c)2]3+ species. Previous VT
1H NMR (VT = variable temperature) spectroscopic measurements on partly oxidised
[Co(D1a)2](ClO4)2 revealed an accelerated self-exchange of the Co3+/2+ redox couple in
comparison to Co3+/2+ complexes without a redox mediator. [215] This self-exchange can
be frozen out at low temperatures. Such behaviour was also found for partly oxidised
[Co(D1c)2](ClO4)2 (vide supra). Apart from the kinetic eﬀect, redox equilibria involving
the Co3+/2+ redox couple are often strongly temperature dependent. This thermody-
namic eﬀect is a consequence of the large entropy diﬀerence between HS-Co2+ and LS-
Co3+ (≈ 100 J mol−1 K−1). [87,214,227] A temperature dependent shift of the equilibrium
between the [Co2+(L+)(L)]3+ and [Co3+(L)2]3+ state must exhibit characteristic changes
of the absorption in the vis-NIR region. Therefore, [Co(D1c)2](ClO4)2 was partly oxi-
dised to [Co(D1c)2]3+ using 1 eq of (N(p-C6H4Br)3)(SbCl6) (magic blue) in CH3CN.
From this solution vis-NIR spectra were recorded in the temperature range of 40 °C
and +50 °C. The reduced oxidant, tris(4-bromophenyl)amine, shows no vis-NIR absorp-
tion. [222] The spectra are depicted in Figure D4 and show the obvious thermochromic
behaviour of the solutions. The yellow colour and the absence of any absorptions in
the range of 500  900 nm indicating the preference of the [Co3+(D1c)2]3+ species at
40 °C. With rising temperature the colour changes from yellow (40 °C) to green (+50
°C). An absorption band at λmax = 745 nm arises which is characteristic for Tara+
radicals (vide supra) and is associated with the formation of the [Co2+(D1c+)(D1c)]3+
species. This is also in line with entropy-driven spin transition reactions, having the
maximum possible number of unpaired electrons with increasing temperature. [25,228230]
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A similar temperature dependent equilibrium between the Co2+/Tara+ and Co3+/Tara
states was observed for [Co(D1a)2]3+ in CH2Cl2 (Figure D8-SI). At ambient tempera-
ture, the Tara oxidation occurs 130 mV prior the Co-centred oxidation, thus addition
of 1 eq of magic blue to [Co2+(D1a)2]2+ leads to the formation of the blue coloured
[Co2+(D1a+)(D1a)]3+ complex in CH2Cl2 at T = 23 °C. The absorption spectrum shows
a characteristic band at λmax = 685 nm with a weaker shoulder. Cooling to T = 90 °C
leads to the formation of the yellow coloured [Co3+(D1a)2]3+ species and consequently,
to a signiﬁcant decrease in the absorption band at λmax = 685 nm.
Figure D4 [left] VT vis-NIR spectra of [Co(D1c)2](ClO4)2 which is partly oxidised to
[Co(D1c)2]3+ using 1 eq of (N(p-C6H4Br)3)(SbCl6) in CH3CN. [right] Examined solution
of [Co(D1c)2]3+ in CH3CN at 40 °C and +50 °C. The colour changes from yellow
([Co3+(D1c)2]3+) to green ([Co2+(D1c)(D1c+)]3+).
EPR/UV-vis-NIR Spectroelectrochemistry
For veriﬁcation of the above statements in the oxidation order of complexes
[Co(L)2](ClO4)2 (L = D1a, c), coupled EPR/UV-vis-NIR (electron paramagnetic
resonance/ultraviolet-visible-near infrared) spectroelectrochemistry experiments were con-
ducted. Tara radical and Tara biradical cations with non-interacting spins exhibit char-
acteristic temperature-dependent EPR line-shapes. [222] The HS-Co2+ ion is EPR-active
but as a result of its fast electron relaxation (S = 3/2), only broad lines are observed
at T > 20 K. [231,232] In contrast, the LS-Co3+ ion is EPR silent due to its diamagnetic
behaviour. Thus it is expected, valid EPR spectra are limited to in situ generated
radicals [Co2+(L)(L+)]3+ and [Co3+(L)(L+)]4+, and biradical complexes [Co3+(L+)2]5+
and [Co2+(L+)2]4+ (L = D1a, c). Increased electron relaxation caused by dipolar mag-
netic coupling between the Co2+ magnetic moment and the Tara+ radical further re-
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stricts the EPR observable species to the Co3+ state, namely the [Co3+(L)(L+)]4+ and
[Co3+(L+)2]5+ species. The measurements were carried out with an X-band CW spec-
trometer (microwave power of 5 mW, 100 kHz modulation) at 25 °C. The analyte dis-
solved in anhydrous CH3CN or CH2Cl2 with 0.1 M [
nBu4N][B(C6F5)4] as supporting
electrolyte was placed in an optical EPR cavity.
In situ oxidation of [Co2+(D1a)2]2+ to [Co3+(D1a)2]3+ in CH3CN leads to an increase
of an absorption band at λ = 378 nm (Figure D9-SI). Thus this band is a marker for the
Co3+/2+-related redox event, at the same time EPR spectra remain featureless. Upon
further increase of the oxidation potential an EPR signal appears with a simultaneously
rising absorption band at λ = 682 nm. This feature indicates the in situ formation
of the [Co3+(D1a)(D1a+)]4+ and/or [Co3+(D1a+)2]5+ species. The g value amounts
2.0031, close to the value of a free electron which is characteristic for triphenyl amine
radicals. [222,233]
The CV in CH3CN for [Co(D1c)2](ClO4)2 exhibits two overlapping redox processes,
this is also reﬂected by simultaneously rising absorption bands in the UV-vis-NIR spec-
tra for the Co- and Tara-centred oxidation (λmax(Co3+) = 380 nm and λmax(Tara+) =
599/748 nm). Hence, in CH3CN solution [Co(D1c)2]3+ is found in a genuine equilib-
rium between [Co3+(D1c)2]3+ and [Co2+(D1c)(D1c+)]3+. With the in situ formation
of [Co3+(D1c+)2]5+ an EPR signal with a ﬁve line pattern appears with a g value
of 2.0032. In contrast to [Co(D1a)2](ClO4)2, for the methoxy-substituted complex
[Co(D1c)2](ClO4)2 the potential dependence of the EPR intensity does not match the
potential dependence of the Tara+ absorption band intensity (Figure D11-SI bottom
left). The EPR signal appears at higher potentials than the Tara+ absorptions. It
increases by further oxidation, while the absorptions reach a plateau. This can be ex-
plained by electron spin exchange between HS-Co2+ and Tara+ due to overlapping redox
processes (vide infra). To obtain a better resolved line shape the EPR measurement for
[Co3+(D1c+)2]5+ was repeated at T = 100 K (Figure D12-SI). The g factor is anisotropic
with g1 = 2.0155, g2 = 2.0029 and g3 = 1.9898. Additionally, an EPR signal could not
be detected at half-ﬁeld, indicating no interaction between the two Tara•+ spin centres
(d ≈ 14 Å). [113,234]
In CH2Cl2 solutions, the Co- and Tara-centred redox processes of [Co(D1a)2](ClO4)2
are merged (vide supra), which is reﬂected by the plot of the potential dependence of
the absorption of characteristic UV bands and the EPR detected spin density obtained
from combined EPR/UV-vis-NIR spectroelectrochemical experiment (Figure D10-SI).
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At E = 0.5 V complex [Co(D1a)2]2+ is partly oxidised, only a weak and broad EPR
signal is detected. A quantitative model for the complicated equilibria between the dif-
ferent redox states involved in the successive oxidation cannot be derived. However,
UV-vis markers indicating the presence of Tara+ radicals increase slightly before the
EPR detected spin density. This ﬁnding is consistent with a dominant ﬁrst oxidation of
[Co2+(D1a)2]2+ to the Tara+ radical [Co2+(D1a)(D1a+)]3+. The latter shows no EPR
response (under experimental conditions used) due to dipolar coupling to the HS-Co2+.
A simultaneous formation of the EPR silent [Co3+(D1a)2]3+ with a weak marker band
for Co3+ in CH2Cl2 cannot be ruled out. The ﬁrst oxidation step is immediately fol-
lowed by the oxidation to the EPR active Tara+ radical [Co3+(D1a)(D1a+)]4+ and/or
biradical [Co3+(D1a+)2]5+. The EPR signal with signiﬁcant higher intensity appears at
E = 0.85 V with g = 2.0037.
Figure D5 [top left] In situ absorption spectra of [Co(D1c)2](ClO4)2 in CH2Cl2. [bot-
tom left] Potential dependence of the absorption bands and EPR intensity. [right] EPR
spectra recorded at E = 0.6 V ([Co2+(D1c+)2]4+) and E = 0.8 V ([Co3+(D1c+)2]5+)
for T = 298 K.
The case of [Co(D1c)2]3+ in CH2Cl2 solution is the antipode to [Co(D1a)2]3+ in CH3CN.
The CV measurements revealed a Tara-centred oxidation occurring 285 mV prior to
the Co-centred oxidation. During the ﬁrst oxidation step [Co2+(D1c)(D1c+)]3+ and
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[Co2+(D1c+)2]4+ complexes are formed. Both complexes contain Tara+ units but only a
broad and small 3-line EPR signal is detected in CH2Cl2 at E = 0.5 V (Figure D5). Dipo-
lar coupling to the HS-Co2+ ion and collisions in solution between paramagnetic metal
ions and organic radicals cause broadening of the organic radical EPR signal. [232,235,236]
The interaction leads to an electron-spin exchange and transfer of the short relaxation
times of the HS-Co2+ ions to the Tara+ spins. This behaviour is immediately quenched
by the oxidation of the paramagnetic Co2+ ion to diamagnetic Co3+ (E = 0.7 V) re-
sulting in an intense EPR signal for the [Co3+(D1c+)2]5+ species (g = 2.0033) with a
hyperﬁne splitting (triplet). The intensity of the EPR signal drops immediately when
[Co3+(D1c+)2]5+ is reduced to [Co2+(D1c+)2]4+ in the reverse scan. The dipolar cou-
pling between Tara+ and HS-Co2+ was also observed for [Co(D1a)2](ClO4)2 in CH2Cl2
and [Co(D1c)2](ClO4)2 in CH3CN, but in less extent.
D3 Conclusions
Herein, a series of [Co2+(L)2]2+ (L = D1ac) complexes is presented. The complexes
have three redox-active sites that can be oxidised to form the tri-, tetra- and penta-
cationic analogues. Particular in solution, the tri- and tetra-cationic complexes [Co(L)2]3+
and [Co(L)2]4+ (L = D1ac) exist in an equilibrium state of diﬀerent redox isomers.
Depending on the solvent and the temperature the HS-Co2+ ion is oxidised to the LS-
Co3+ ion (HS = high-spin, LS = low-spin) or the Tara substituents are oxidised to the
Tara+ radical. This equilibrium, e.g. between [Co2+(L)(L+)]3+ and [Co3+(L)2]3+, is
strongly temperature and solvent dependent. In CH3CN, the Co2+ oxidation occurs at
lower potentials than the Tara oxidation. The oxidation order is reversed in CH2Cl2, due
to diﬀerent solvation energies. The equilibrium involves two species with diﬀerent spin
multiplicity (e. g. S = 0 and S = 2) representing a CTIST equilibrium (CTIST = charge
transfer induced spin transition). Together with the diﬀerent absorptions of the Tara and
Tara+ radicals thermochromic and solvatochromic behaviour is observed for [Co(L)2]3+
(L =D1ac). Coupled EPR/spectroelectrochemical measurements proved the existence
of this equilibrium. Moreover, characteristic absorption bands in the UV-vis-NIR as well
as the pattern in the EPR spectra served as indicators for the equilibrium position. VT
1H NMR spectroscopy and VT vis-NIR spectroscopy further veriﬁed this ﬁndings. The
solvatochromic behaviour was ascribed to the diﬀerent solvation energies of the Co3+/2+
and Tara+/0 redox couples. The thermochromic behaviour is the consequence of the
strongly diﬀerent entropies of the redox isomers. In summary complexes [Co(L)2]4+/3+
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represent interesting building blocks for the construction of molecular switches.
D4 Experimental
General Remarks
All reactions handling sensitive chemicals were carried out under an atmosphere of
argon using standard Schlenk and cannula techniques. Anhydrous ethanol was pur-
chased commercially from Acros Organics. Toluene was taken from a solvent puriﬁca-
tion system SPS-800 by MBraun. Tetrahydrofuran was puriﬁed by distillation from
sodium/benzophenone ketyl. 2-(6-Bromopyridin-2-yl)-1,10-phenanthroline, D1a and
[Co(D1a)2](ClO4)2] were synthesised as previously reported in the literature. [215] The
synthesis of employed triaryl amines is described in the Electronic Supporting Infor-
mation. All other chemicals were purchased from commercial suppliers and were used
without further puriﬁcation.
NMR spectra were recorded with a Bruker Avance III 500 spectrometer; chemical shifts
for 1H and 13C NMR are referenced internally to the residual protons and to the 13C NMR
signal of the deuterated solvent. Elemental analyses were performed using a Thermo
FlashAE 1112 analyser. Mass spectra were recorded with a Bruker micrOTOF-QIIa
mass spectrometer operating in ESI mode (ESI = electrospray ionisation).
Synthetic Procedure
4-((6-(1,10-phenanthrolin-2-yl)pyridin-2-yl)oxy)-N -(4-methoxyphenyl)-N -
(p-tolyl)aniline (D1b): 410 mg (1.34 mmol) of 4-((4-methoxyphenyl)(p-tolyl)amino)-
phenol and 126 mg (1.12 mmol) of potassium tert-butoxide were dissolved in 3 mL of
anhydrous THF and heated to 60 °C for 2 h. After removing all volatile materials in vac-
uum, 264 mg (0.78 mmol) of 2-(6-bromopyridin-2-yl)-1,10-phenanthroline were added in
a single portion. The respective reaction mixture was heated to 200 °C overnight. The
molten material was cooled down to ambient temperature and was then dissolved in 20
mL of CH2Cl2 and extracted twice with an aqueous NaHCO3 solution. The organic phase
was dried over Na2SO4 and all volatiles were removed in vacuum. The crude product
was puriﬁed via column chromatography over ALOX (column size: 2.5 × 20 cm) with
a mixture of n-hexane/CH2Cl2 (1:1; v/v) and 3 % NEt3 as eluent. Yield: 110 mg, yel-
low solid (25 % based on 2-(6-bromopyridin-2-yl)-1,10-phenanthroline). EA calcd. for
C37H28N4O2 (%): C 79.27, H 5.03, N 9.99; found: C 79.21, H 5.07, N 10.32. 1H NMR
(500 MHz, CDCl3, 298 K): 9.24 (dd, J = 4.3, 1.7 Hz, 1H, H 1), 8.74 (dd, J = 7.5, 0.5 Hz,
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1H, H 8), 8.62 (d, J = 8.4 Hz, 1H, H 6), 8.31 (d, J = 8.4 Hz, 1H, H 7), 8.27 (dd, J = 8.0,
1.7 Hz, 1H, H 3), 7.89 (t, J = 7.8 Hz, 1H, H 9), 7.83 (d, J = 8.8 Hz, 1H, H 5), 7.79 (d, J
= 8.8 Hz, 1H, H 4), 7.65 (dd, J = 8.0, 4.3 Hz, 1H, H 2), 7.14  7.06 (m, 8H, H 11, H 12,
Anisyl-H 13, Tolyl-H 13), 7.01 (d, J = 8.5 Hz, 2H, Tolyl-H 14), 6.93 (dd, J = 8.1, 0.6 Hz,
1H, H 10), 6.86 (d, J = 9.0 Hz, 2H, Anisyl-H 14), 3.81 (s, 3H, OMe-H 15), 2.31 (s, 3H,
Me-H 15) ppm. 13C NMR (125.80 MHz, CDCl3, 298 K): 163.56, 155.98, 155.86, 154.38,
150.58, 148.78, 146.56, 145.97, 145.81, 145.29, 141.34, 140.50, 137.00, 136.32, 131.83,
129.95, 129.19, 128.98, 126.89, 126.71, 126.69, 123.84, 123.46, 123.06, 122.10, 121.13,
117.31, 114.89, 111.48, 55.65, 20.88 ppm. MS-ESI: 560.2207 ([M], calcd. 560.2212).
4-((6-(1,10-phenanthrolin-2-yl)pyridin-2-yl)oxy)-N,N -bis(4-methoxyphenyl)-
aniline (D1c): 750 mg (2.3 mmol) of 4-(bis(4-methoxyphenyl)amino)phenol [237] and
215 mg (1.9 mmol) of potassium tert-butoxide were dissolved in 5 mL of anhydrous
THF and heated to 60 °C for 2 h. After removing of all volatiles in vacuum, 575 mg (1.7
mmol) of 2-(6-bromopyridin-2-yl)-1,10-phenanthroline were added in a single portion.
The reaction mixture was heated to 200 °C overnight. The molten material was cooled
down to ambient temperature and dissolved in 40 mL of CH2Cl2 and extracted twice with
an aqueous NaHCO3 solution. The organic phase was dried over Na2SO4 and all volatiles
were removed in vacuum. The crude product was puriﬁed via column chromatography
over ALOX (column size: 2.5 × 20 cm) with a mixture of n-hexane/CH2Cl2 (1:1; v/v)
and 3 % NEt3 as eluent. Yield: 549 mg, yellow solid (56 % based on 2-(6-bromopyridin-
2-yl)-1,10-phenanthroline). EA calcd. for C37H28N4O3 · 12 H2O (%): C 75.98, H 4.85, N
9.59; found: C 75.88, H 4.99, N 9.57. 1H NMR (500 MHz, CDCl3, 298 K): 9.25 (dd, J
= 4.3, 1.7 Hz, 1H, H 1), 8.73 (dd, J = 7.5, 0.7 Hz, 1H, H 8), 8.63 (d, J = 8.4 Hz, 1H,
H 6), 8.31 (d, J = 8.4 Hz, 1H, H 7), 8.27 (dd, J = 8.0, 1.7 Hz, 1H, H 3), 7.88 (t, J = 7.8
Hz, 1H, H 9), 7.83 (d, J = 8.8 Hz, 1H, H 5), 7.80 (d, J = 8.8 Hz, 1H, H 4), 7.65 (dd, J
= 8.0, 4.3 Hz, 1H, H 2), 7.12  7.07 (m, 6H, H 12, H 13), 7.04 (d, J = 9.0 Hz, 2H, H 11),
6.92 (dd, J = 8.1, 0.7 Hz, 1H, H 10), 6.85 (d, J = 9.0 Hz, 4H, H 14), 3.80 (s, 6H, H 15)
ppm. 13C NMR (125.80 MHz, CDCl3, 298 K): 163.50, 155.74, 155.59, 154.25, 150.48,
148.16, 146.45, 145.69, 145.54, 141.45, 140.33, 136.86, 136.16, 129.05, 128.84, 126.76,
126.57, 125.94, 122.91, 122.62, 121.92, 120.99, 117.15, 114.72, 111.26, 55.53 ppm. MS-
ESI: 576.2156 ([M], calcd. 576.2161); 577.2234 ([M+H]+, calcd. 577.2240); 599.2054
([M+Na]+, calcd. 599.2059); 615.1793 ([M+K]+, calcd. 615.1798).
General Syntheses of Complexes [Co(D1b,c)2](ClO4)2: 2 eq. of the appropri-
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ate ligand and 1 eq. of cobalt perchlorate hexahydrate are suspended in anhydrous
ethanol and were stirred at ambient temperature overnight. The reaction mixture was
centrifuged and the precipitate was washed with 2 mL of ethanol and 5 mL of diethyl
ether consecutively. The crude product was dissolved in 2 mL of acetonitrile and ﬁltered
over celite. The ﬁltrate was mixed with diethyl ether until precipitation was formed and
centrifuged. The remaining solid was washed with 5 mL of diethyl ether twice and dried
in vacuum.
[Co(D1b)2](ClO4)2: According to the general procedure, 131 mg (0.23 mmol) of D1b
and 43 mg (0.12 mmol) of Co(ClO4)2 ·6H2O were treated. After appropriate work-up,
138 mg of the title complex could be isolated as yellow solid (83 % based on D1b). EA
calcd. for C74H56Cl2CoN8O12 · 12 CH3CN (%): C 64.36, H 4.14, N 8.51; found: C 64.24,
H 4.16, N 8.57. 1H NMR (500 MHz, CD3CN, 298 K): 171.20 (s, LW = 307 Hz, T 1 =
2.2 ms, 2H, H 1), 114.06 (s, LW = 62 Hz, T 1 = 11.4 Hz, 2H, H 7), 88.19 (s, LW = 45
Hz, T 1 = 14 ms, 2H, H 8), 45.31 (s, LW = 16 Hz, T 1 = 39 ms, 2H, H 10), 43.98 (s, LW
= 18 Hz, T 1 = 33 ms, 2H, H 2), 36.17 (s, LW = 15 Hz, T 1 = 55 ms, 2H, H 5), 29.39
(s, LW = 19 Hz, T 1 = 34 ms, 2H, H 6), 23.46 (s, LW = 12 Hz, T 1 = 84 ms, 2H, H 4),
10.52 (s, LW = 12 Hz, T 1 = 57 ms, 2H, H 9), 6.96 (d, J = 7.9 Hz, T 1 = 889 ms, 4H,
Tolyl-H 14), 6.78 (d, J = 8.6 Hz, T 1 = 857 ms, 4H, Anisyl-H 14), 6.43 (d, J = 8.7 Hz,
T 1 = 411 ms, 4H, Anisyl-H 13), 6.25 (d, J = 8.1 Hz, T 1 = 401 ms, 4H, Tolyl-H 13), 3.68
(s, T 1 = 1.2 s, 6H, OMe-H 15), 3.16 (s, LW = 12 Hz, T 1 = 140 ms, 4H, H 12), 2.15 (s,
T 1 = 862 ms, 6H, Me-H 15), 0.96 (s, LW = 11 Hz, T 1 = 88 ms, 2H, H 3), 9.87 (s, LW =
64 Hz, T 1 = 18 ms, 4H, H 11) ppm. MS-ESI: 1278.3236 ([M-ClO4]+, calcd. 1278.3242).
[Co(D1c)2](ClO4)2: According to the general procedure, 200 mg (0.35 mmol) of D1c
and 64 mg (0.175 mmol) of Co(ClO4)2 ·6H2O were treated. After appropriate work-up,
195 mg of the title complex could be isolated as yellow solid (79 % based on D1c). EA
calcd. for C74H56Cl2CoN8O14 · 12 CH3CN ·H2O (%): C 61.38, H 4.22, N 8.11; found: C
61.55, 3.89, N 8.13. 1H NMR (500 MHz, CD3CN, 298 K): 171.41 (s, LW = 312 Hz, T 1
= 4 ms, 2H, H 1), 114.13 (s, LW = 54 Hz, T 1 = 11 ms, 2H, H 7), 88.37 (s, LW = 39
Hz, T 1 = 13 ms, 2H, H 8), 45.24 (s, LW = 16 Hz, T 1 = 37 ms, 2H, H 10), 43.95 (s, LW
= 18 Hz, T 1 = 31 ms, 2H, H 2), 36.12 (s, LW = 14 Hz, T 1 = 53 ms, 2H, H 5), 29.41
(s, LW = 16 Hz, T 1 = 32 ms, 2H, H 6), 23.36 (s, LW = 11 Hz, T 1 = 80 ms, 2H, H 4),
10.59 (s, LW = 12 Hz, T 1 = 53 ms, 2H, H 9), 6.71 (d, J = 8.6 Hz, T 1 = 841 ms, 8H,
H 14), 6.37 (d, J = 8.7 Hz, T 1 = 380 ms, 8H, H 13), 3.63 (s, LW = 5 Hz, T 1 = 1.1 s,
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12H, H 15), 3.01 (s, LW = 15 Hz, T 1 = 132 ms, 4H, H 12), 1.03 (s, LW = 11 Hz, T 1 =
74 ms, 2H, H 3), 10.06 (s, LW = 94 Hz, T 1 = 17 ms, 4H, H 11) ppm. 1H NMR (500
MHz, (CD3)2CO, 193 K): 295.89 (s, LW = 4720 Hz, 2H), 203.12 (s, LW = 449 Hz, 2H),
154.64 (s, LW = 360 Hz, 2H), 61.24 (s, LW = 174 Hz, 2H), 58.93 (s, LW = 177 Hz,
2H), 56.93 (s, LW = 117 Hz, 2H), 56.33 (s, LW = 178 Hz, 2H), 28.82 (s, LW = 73 Hz,
2H), 14.21 (s, LW = 111 Hz, 2H), 6.22 (s, LW = 21 Hz, 8H), 5.50 (s, LW = 33 Hz, 8H),
3.18 (s, LW = 11 Hz, 12H), 5.36 (s, LW = 396 Hz, 4H), 14.75 (s, LW = 81 Hz, 2H),
16.56 (s, LW = 600 Hz, 4H) ppm. MS-ESI: 1310.3134 ([M-ClO4]+, calcd. 1310.3140).
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D6 Appendix
Figure D1-SI Cyclic (solid) and square wave (dotted) voltammetry of
[Co(D1c)2](ClO4)2 in CH3CN at 5 °C. Measurement conditions: 1.0 mmol L−1
analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan rate 100 mV
s−1 (CV) and 2 mV s−1 (SWV), glassy carbon electrode.
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Figure D2-SI [left] UV-vis-NIR spectra of [Co(D1a)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The black dotted line is recorded after the series of measurements
at 300 mV to prove the reversibility of the red absorption. [right] Potential dependence
of absorption bands of [Co(D1a)2](ClO4)2. Measurement conditions: 2.0 mmol L−1
analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C.
Figure D3-SI [left] UV-vis-NIR spectra of [Co(D1b)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The black dotted line is recorded after the series of measurements
at 300 mV to prove the reversibility of the red absorption. [right] Potential dependence
of absorption bands of [Co(D1b)2](ClO4)2. Measurement conditions: 2.0 mmol L−1
analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C.
Figure D4-SI [left] UV-vis-NIR spectra of [Co(D1c)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The black dotted line is recorded after the series of measurements
at 300 mV to prove the reversibility of the red absorption. [right] Potential dependence
of absorption bands of [Co(D1c)2](ClO4)2. Measurement conditions: 2.0 mmol L−1
analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C.
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Figure D8-SI Vis-NIR spectra of [Co(D1a)2]3+ in CH2Cl2 at given temperatures. The
solution is blue coloured at T = 23 °C and yellow coloured at T = 90 °C.
Figure D9-SI [top left] In situ absorption spectra of [Co(D1a)2](ClO4)2 in CH3CN at
rising potentials. [bottom left] CV, potential dependence of the absorption bands and
EPR intensity. [right] EPR spectrum at T = 298 K.
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Figure D10-SI [top left] In situ absorption spectra of [Co(D1a)2](ClO4)2 in CH2Cl2 at
rising potentials. [bottom left] CV, potential dependence of the absorption bands and
EPR intensity. [right] EPR spectra at E = 0.5 V and E = 0.85 V (T = 298 K).
Figure D11-SI [top left] In situ absorption spectra of [Co(D1c)2](ClO4)2 in CH3CN at
rising potentials. [bottom left] CV, potential dependence of the absorption bands and
EPR intensity. [right] EPR spectrum at T = 298 K.
73
Chapter D
Figure D12-SI EPR spectrum of in situ generated [Co3+(D1c+)2]5+ in CH3CN at E
= 0.8 V (T = 100 K). The inset shows the spectrum at half-ﬁeld.
Figure D15-SI 1H NMR spectrum of [Co2+(D1c)2]2+ which is partly oxidised using
magic blue to [Co3+(D1c)2]3+ in (CD3)2CO at T = 298 K. The inset shows the broad-
ened resonances of the anisyl protons. The reduced oxidants proton resonances are found
at δ = 7.31 and 6.86 ppm.
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Figure D16-SI 1H NMR spectrum of [Co2+(D1c)2]2+ which is partly oxidised using
magic blue to [Co3+(D1c)2]3+ in (CD3)2CO at T = 193 K. The inset enlarges the section
of aromatic proton resonances of the Co3+ species. The resonances marked with * are
associated to the [Co2+(D1c)2]2+ complex, the two resonances marked with o are caused
by the reduced oxidant N(p-C6H5Br)3.
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E1 Introduction
Charge transfer (CT) reactions are one of the most fundamental processes in chem-
istry and biology. If the CT is coupled to a spin state change in a metal atom the
phenomenon is called charge transfer induced spin transition (CTIST). [16,42,238] CTIST
systems with reversible CT can function as molecular switches. [17] Only a few examples
of such CTIST-systems have been reported and investigated in detail. [15,213,214] These
systems refer to valence tautomers [213,214] and prussian blue analogues [15,227]. The si-
multaneous presence of electronic donor and acceptor unit enables a reversible charge
transfer between the two redox sites which can be driven thermally and/or optically.
CTIST is typically accompanied by characteristic and reversible changes in the optical,
magnetic and structural properties of the metal complexes that can be used to read out
diﬀerent states of the switch. [192,227] A common building block for CTIST complexes is
the HS-Co2+/LS-Co3+ redox couple (HS = high-spin, LS = low-spin). [43,44,212] Co2+ com-
plexes are usually found in HS state, for a few octahedral Co2+ complexes with strong
ligands such as 2,2':6',2-terpyridine spin crossover is also observed. [37,38] Contrastingly,
Co3+ complexes exist in LS state with only a few exceptions. [41] Most widely, one electron
redox processes of Co2+/3+ redox couples include a change in the spin state larger than
one half (∆S > 1/2). This property allows the construction of CTIST complexes by
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combination of such a Co2+/3+ couple with other redox systems like ferrocenes [176,239,240],
catecholate/semiquinonate [161,164] systems or triaryl amines [82,84,196,241].
Taras (= triaryl amines) are easily accessible and can be reversibly oxidised to stable
cationic radical form Tara+ at a tuneable redox potential. The Tara0/+ redox couple
has rather small inner reorganisation energy. [82,169,170] These characteristics make Tara
systems an almost ideal mate for Co2+/3+-complex redox couples to construct CTIST.
Figure E1 Simpliﬁed schematic drawing of redox states for diﬀerently coupled redox
sites. The yellow bar indicates the stability window for the bistable redox state. Elec-
tronic coupling allows direct switching between the bistable states due to the presence
of a respective CT band and a strong Coulomb interaction opens the stability window
for the bistable redox state. For strongly electronically coupled systems, the C+ should
not regarded as bistable state. C stands for Complex, in this case C = [Co2+(L)2]2+;
C+ = [Co2+(L)(L+)]3+/[Co3+(L)2]3+; C2+ = [Co3+(L)(L+)]4+. The second redox-active
Tara is ignored for clarity.
Recently, we reported a HS-Co2+/LS-Co3+ redox couple with a triaryl amine substituted
phenanthroline-pyridine ligand. [215] The electronic interaction between the Tara0/+ and
Co2+/3+ redox sites was weak at best and they were described as isolated redox sites.
Weak coupling did not allow for an isolation of the bistable redox states (C+ in Figure
E1) due to overlap with other redox states (C and C2+). Moreover electronic weakly-
coupled system leak absorption bands that allow for direct optical switch between the
bistable states. Thus in this work we aimed to increase the electronic coupling between
the Co2+/3+ and the Tara0/+ redox couples. This multi-redox system presented in this
contribution bears the redox-active Tara0/+ unit directly in ortho position of the pyridine
donor. In consequence, the pyridine subunit of the phenanthroline-pyridine is part of
the Tara unit. This approach reduces the distance between the cobalt and the redox-
active nitrogen atoms and enhances electronic and Coulomb coupling between Tara0/+
and Co2+/3+ in the C+ redox state.
The redox potentials of the Tara units were altered by using diﬀerent substituents in
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para-positions of the aryl moieties to equal the redox potential of the Co2+/3+ redox
couple and the Tara0/+ redox couple. Co2+ complexes of ligands E1E4 are exclusively
HS complexes due to the weak ligand ﬁeld strength of the phenanthroline-pyridyl unit
and the steric hindrance by bulky ortho-substituents. [215217] The main aim of this work
is the ﬁne tuning and photophysical properties of the intramolecular electron transfer
equilibrium between the Tara0/+ and the LS-Co3+/HS-Co2+ redox sites in complexes of
type [Co(L)2]3+ with L = E1E4.
E2 Results and Discussion
Synthesis and Characterisation
Phenanthroline-pyridines E1E4 were prepared by the Buchwald-Hartwig cross-
coupling [242,243] of 2-(6-bromopyridine-2-yl)-1,10-phenanthroline [215] with the appropri-
ate diaryl amines. Treatment of E1E4 with Co2+/Zn2+ perchlorate hexahydrate in
ethanol leads to air and moisture stable solids in moderate to good yields. In order to
synthesise the analogue Co3+ complexes [Co(L)2](ClO4)2 (L = E2, E3) were oxidised
with nitrosonium tetraﬂuoroborate in acetonitrile solution (Figure E2). All compounds
were characterised by NMR spectroscopy, mass spectrometry and elemental analysis.
Detailed description of the synthetic methodologies and pertinent data can be found in
the Experimental Section.
Complexes [Co(L)2](ClO4)2 (L = E1E4) are paramagnetic due to the d7 conﬁgura-
tion of the metal ion. This is best seen in the strongly downﬁeld and highﬁeld shifted
resonances in the 1H NMR spectra. The chemical shifts range from about 230 to 30
ppm. The ortho proton of the phenanthroline ligand is shifted downﬁeld the most in
accordance with related Co2+ complexes. [215] The paramagnetism of the Co2+ is also
reﬂected by very short relaxation times T 1 with less than 1 ms for the ortho protons.
The resonances of the diaryl amino groups are found between 0 and 30 ppm. These
resonances are broadened due to their hindered rotation. One electron oxidation of
the complexes [Co2+(L)2]2+ (L = E2, E3) results in low-spin Co3+ complexes. The
sharp and well resolved resonances found in 1H NMR spectra prove the diamagnetic
behaviour. The relaxation times T 1 of the Co3+ are signiﬁcantly longer (> 430 ms) as
compared to the Co2+ complexes due to the diamagnetic nature. The oxidation leads
to a shorter distance between the Co3+ ion and the coordinating nitrogen atoms and in
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Scheme E1 Synthesis of molecules E1E4 and their corresponding metal complexes.
dba = dibenzylidenacetone, dppf = 1,1'-bis(diphenylphosphino)ferrocene, EtOH =
ethanol.
consequence the rotation of the diaryl amine groups is considerably hindered. Two sets
of resonances are obtained for the diastereotopic protons in [Co(E2)2]3+. Treatment of
[Co2+(E3)2]2+ with NOBF4 to give [Co3+(E3)2]3+ resulted in the oxidation of a minor
fraction of the Tara units. Hence, the 1H NMR spectrum of [Co(E3)2](ClO4)3-n(BF4)n is
broadened (Figure E19-SI). The formation of a Tara+ radical is veriﬁed by UV/vis-NIR
spectroscopy.
Complex [Co(E3)2](ClO4)2 was characterised by single crystal X-ray analysis. Suitable
crystals were obtained by slow diﬀusion of diethyl ether in to a solution of
[Co(E3)2](ClO4)2 in acetonitrile. The complex [Co(E3)2](ClO4)2 crystallises in the mon-
oclinic space group P21 and shows a distorted octahedral coordination sphere. For clarity
reasons, we only refer to one individual molecule of the asymmetric unit. The diﬀerences
in bond lengths and angles are negligible within the two [Co2+(E3)2]2+ molecules in the
asymmetric unit of the crystal structure. The bond lengths between the cobalt atom and
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the coordinated nitrogen atoms amount from 2.035 to 2.235 Å verifying the high spin
state of the metal. The CoN bond lengths to the distal donor of the phenanthroline
unit (Co1N1/N4: 2.211/2.198 Å) are only slightly longer to the CoN bond lengths
to the substituted pyridyl donor (Co1N3/N6: 2.207/2.235 Å). This is surprising in the
light of the bulky diaryl amine substituent. The distances between the cobalt atom
and the inner phenanthroline donor nitrogen atom is signiﬁcantly shorter (Co1N2/N5:
2.052/2.035 Å), a common feature of such terpy analogue ligands. [216,218,244,245] The dis-
tances between Co and the N of the Tara take values of 3.414 and 3.418 Å, shorter than
the sum of their van der Waals radii (≈ 3.5 Å). [246,247] Intramolecular pi-pi stacking is
observed between the phenanthroline and anisyl units.
Figure E2 Illustration of the molecular structure of [Co2+(E3)2]2+ in the solid state.
Solvent molecules and counter ions were omitted for clarity. Selected bond lengths (Å)
and angles (deg): Co1N1 = 2.211(11), Co1N2 = 2.052(11), Co1N3 = 2.207(12), Co1
N4 = 2.198(11), Co1N5 = 2.035(10), Co1N6 = 2.235(10); N5Co1N2 = 162.2(2),
N5Co1N4 = 76.1(4), N2Co1N4 = 90.5(4), N5Co1N3 = 117.3(4), N2Co1N3 =
75.3(4), N4Co1N3 = 96.1(4), N5Co1N1 = 90.3(4), N2Co1N1 = 77.3(4), N4Co1
N1 = 87.6(4), N3Co1N1 = 152.3(4), N5Co1N6 = 75.7(4), N2Co1N6 = 117.8(4),
N4Co1N6 = 151.6(4), N3Co1N6 = 93.7(4), N1Co1N6 = 95.9(4).
Redox Properties
Cyclic voltammetry. Complexes [Co(L)2](ClO4)2 (L = E1E4) have three redox
active centres that can be oxidised, two Tara units and the Co2+ ion. In order to
determine the order of this redox processes and the redox potentials all complexes were
investigated by cyclic voltammetry. Cyclic voltammograms (CVs) in the range from 200
to 1400 mV were carried out in anhydrous acetonitrile solutions of the respective complex
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(1 mM) with [nBu4N][B(C6F5)4] (100 mM) as supporting electrolyte [149,219] and v = 100
mV s−1 at 25 °C. All potentials are referenced to the ferrocene/ferrocenium (FcH/FcH+)
redox couple. [220] Especially care was taken in polishing the electrodes' surface before
each measurement. Pertinent data are summarised in Table E1.
Figure E3 [left] CVs of [Co(L)2](ClO4)2 (L = E1E4) in acetonitrile solutions. Re-
versible redox processes are shown. [right] Co2+/3+ redox process and irreversible Tara0/+
oxidation are shown for compounds [Co(E2)2](ClO4)2 (top) and [Co(E3)2](ClO4)2
(bottom) (cycles 2 to 5 of 5). Measurement conditions: 1.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1 as supporting electrolyte, scan rate 100 mV s−1, 25
°C.
CVs of complexes [Co(L)2](ClO4)2 (L = E1E3) show one chemically reversible re-
dox event (Figure E3 left). These redox events were assigned to the Co2+/3+-centred
redox process. The redox potentials E 01'(Co
2+/3+) are shifted cathodically with in-
creasing electron donor ability of the Tara unit (E 01'(Co
2+/3+) = 715, 640, 620 mV
for [Co2+/3+(L)2]2+/3+) (L = E1E3). More outstanding is the signiﬁcant decrease in
the peak separation ∆E p(Co2+/3+) for the series [Co2+/3+(L)2]2+/3+ (∆E p(Co2+/3+) =
436, 200, 64 mV for [Co2+/3+(L)2]2+/3+) (L = E1E3). A large peak separation, as
seen for [Co2+/3+(E1)2]2+/3+, is characteristic for a hindered electron transfer with a
large inner reorganisation. This is a typical behaviour of HS-Co2+/LS-Co3+ redox cou-
ples. [147,215,223,248] It is rather unlikely that the reorganisation energy for the HS-Co2+/LS-
Co3+ redox event is reduced in [Co2+/3+(L)2]2+/3+ (L = E2, E3). Therefore, we explain
the signiﬁcant decrease from [Co2+/3+(E1)2]2+/3+ to [Co2+/3+(E3)2]2+/3+ with the me-
diator eﬀect of the Tara unit. [249] Hindered electron transfer processes can be mediated
by redox-active species that have redox potentials close to the potentials of the hindered
electron redox process. Indeed, the redox potential for the Tara-centred redox process
Tara0/+ is anodically shifted in the series [Co3+(L0/+)2]3+/5+ (L = E1E3) concomitant
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with the increased donor strength of the aryl substituents. The oxidation of the Tara
nitrogen is irreversible and is observed at fairly positive potentials. A reason of the ir-
reversibility of the Tara oxidation process might be the repulsion of the positive nearby
charges within the highly charged cation [Co3+(L+)2]5+. This repulsion destabilises the
complex and favours decomposition reactions. Nevertheless, the onset potential of the
oxidation wave in the CVs is a reasonable measure for Tara0/+ redox potentials. In
line with the potential for the Co2+/3+-centred redox process the Tara0/+-centred onset
potentials decrease in the series [Co2+/3+(L)2]2+/3+ (1300, 1100, 850 mV, respectively)
(L = E1E3). This ﬁnding is consistent with the introduction of the electron donating
methyl or methoxy groups into the Tara unit. The onset potential for the Tara oxidation
in [Co(E3)2](ClO4)2 is still ≈ 200 mV above the Co2+/3+-centred event. To explain the
observed mediator eﬀect this diﬀerence seems too large. For clariﬁcation of this discrep-
ancy it must be noted that the Tara0/+ redox event in the Co2+ species is responsible for
the mediation of the electron transfer. The oxidation of the Co2+ ion of [Co2+(E3)2]2+
to [Co3+(E3)2]3+ is a sequence of a fast oxidation of the Tara unit to [Co2+(E3+)(E3)]3+
followed by an intramolecular electron transfer to yield [Co3+(E3)2]3+. The redox po-
tentials for the Tara-centred oxidation in [Co2+(L)2]2+ and [Co3+(L)2]3+ (L = E1E3)
have the same order but are oﬀset by the increased Coulomb repulsion energy between
the Tara+ and the Co3+ and Co2+ ions, respectively. In light of rather small distance
between the Co2+/3+ ion and the Tara nitrogen, it is expected that this repulsion is
substantial.
Figure E4 Schematic representation of the solvent inﬂuence on the asymmetric CT
systems. The larger redox site has the less rigid solvent cage (alike Tara0/+), the smaller
redox site is strongly solvated and stabilised by polar solvents (alike Co2+/3+).
In marked contrast, the CVs for [Co(E4)2](ClO4)2 show two electrochemically reversible
redox events. They were assigned to the two Tara-centred redox processes by spectro-
electrochemistry (vide infra). The redox events are separated by roughly ∆E 0' = 200 mV
with redox potentials of E 02,3'(Tara
0/+) = 633/824 mV. The well separated appearance
of the two Tara0/+ redox processes is due to electrostatic repulsion within the molecule
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or electronic coupling. Similar CVs were obtained for [Zn(E3)2](ClO4)2 but with smaller
redox separation of ∆E 0' = 110 mV (Figure E2-SI). The Zn2+ ion is redox inactive and
therefore the two redox events can be clearly assigned to the Tara-centred redox pro-
cess. The potentials take values of E 02,3'(Tara
0/+) = 754/863 mV. The anodically shifted
potentials and the smaller peak separation point to a weaker electron donor eﬀect of
the Zn2+ ion and smaller electronic coupling between the Taras0/+ in [Zn(E3)2]3+. This
ﬁnding is consistent with the softer nature of Co2+ over Zn2+. A third oxidation process,
assigned to a Co2+/3+-centred redox process, is not observed in CVs of [Co(E4)2](ClO4)2.
Likely this process is shifted outside the electrochemical window. Obviously the "cross-
ing point" of the Co2+/3+- and Tara0/+-centred redox process requires electron donors
between those of [Co(E3)2]2+ and [Co(E4)2]2+. This is a rather narrow range.
Redox potentials are often solvent dependent, the electric charges are stabilised by the
solvation. As a rule of thumb, highly charged and small species are more stable in polar
solvents (r > 15), whereas singly charged species with extended electron distribution
are less susceptible for solvent eﬀects. [152] Therefore, CVs of the border line complexes
[Co(E3)2]2+ and [Co(E4)2]2+ were recorded in the more polar solvent propylene carbon-
ate (r = 64.92) and the less polar solvent dichloromethane (r = 8.93) (Figures E3-SI
and E4-SI).
Table E1 CV data for [Co(E1E4)2](ClO4)2 and [Zn(E3)2](ClO4)2 in CH3CN. All
potentials are given relative to ferrocene/ferrocencium. E 0' = Formal potential; ∆E p
= diﬀerence between the oxidation and reduction potentials. Measurement conditions:
1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan
rate 100 mV s−1, glassy carbon electrode, 25 °C.
E
0
1' ∆Ep E
0
2' ∆Ep E
0
3' ∆Ep
Complex (M2+/3+) (M2+/3+) (Tara0/+) (Tara0/+) (Tara0/+) (Tara0/+)
[mV] [mV] [mV] [mV] [mV] [mV]
[Co(E1)2](ClO4)2 715 436 >1300 - - -
[Co(E2)2](ClO4)2 640 200 >1100 - - -
[Co(E3)2](ClO4)2 620 64 >850 - - -
[Co(E4)2](ClO4)2 - - 633 66 824 68
[Zn(E3)2](ClO4)2 - - 754 60 863 62
a Onset potentials given for irreversible oxidation process
No signiﬁcant changes in the redox processes are observed in the polar solvent propylene
carbonate. This ﬁnding suggests similar or similarly shifted solvation energy for all in-
volved species from acetonitrile to propylene carbonate. CVs of complexes [Co(L)2](ClO4)2
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(L = E2, E3) recorded in CH2Cl2 show one chemically reversible redox process each fol-
lowed by irreversible oxidation events. The reversible redox process in [Co(E2)2]2+/3+
(E 01'(Co
2+/3+) = 840 mV, ∆E p(Co2+/3+) = 120 mV) is assigned as Co2+/3+-centred redox
process. Similar to the CVs in acetonitrile, CVs of [Co(E3)2](ClO4)2 show a reversible
redox event followed by a nearby second irreversible redox event. An assignment to a
Co- or Tara-centred redox event on the basis of the CV measurements was not possible
and is shifted to discussion on the spectroelectrochemical investigation. The two chemi-
cally reversible redox events in CVs of [Co(E4)2](ClO4)2 in CH2Cl2 solution are assigned
to the Tara0/+-centred redox events (E 02'(Tara
0/+) = 762 mV, ∆E p(Tara0/+) = 92 mV,
E 03'(Tara
0/+) = 902 mV, ∆E p(Tara0/+) = 96 mV). Akin to the CVs in acetonitrile so-
lutions the separation of the two redox events is caused by electronic interaction and
electrostatic coupling and Coulomb repulsion.
UV/vis-NIR Spectroelectrochemistry
Figure E5 Simpliﬁed parabola representation of the intramolecular electron transfer
in complexes [Co(L)2]3+ (L = E2E4). The two transition for light induced electron
transfer from Co2+ → Tara+ and Tara → Co3+ are given as λ1 and λ2.
Complexes [Co(L)2]2+ (L = E2E4) include two well-known redox-active units, the
Co2+/3+ redox centre and the Tara0/+ centre. Both the Tara0/+- as well as the Co2+/3+-
centred redox events have characteristic spectral signatures upon oxidation or reduction.
UV/vis spectra of polypyridyl complexes exhibit ligand-centred pi-pi* transitions around
λ = 300 nm. [224,225,250] Neutral Taras usually show a single intense UV absorption near
λ = 300 nm. Their respective radical cations exhibit one intense characteristic signal
between 600  800 nm with a shoulder at 550  650 nm. [170,171] The starting materials
[Co(L)2]2+ (L = E2E4) are yellow coloured and transparent at λ > 500 nm. The
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electronic spectra are dominated by the intensive ligand-centred pi-pi* transitions in the
UV region. Furthermore, moderate-intense absorptions assigned to an intraligand charge
transfer (ILCT) from the diaryl amine unit to the pyridine moieties in the adjacent vis
region can be observed. [207,251255] Absorption spectra of compounds E1E4 exhibit the
same ILCT band (λmax = 368, 373, 374, 373 nm for E1E4) which are blue-shifted with
respect to their corresponding Co2+ complexes (Figure E6-SI). While oxidation of the
Co2+ ion leads to a small red shift of the ILCT band, oxidation of the Tara unit leads to
intensive absorptions in the visible region. Only in conjuction of the Co3+ ion and the
Tara unit a CT band associated to a transition from the [Co3+(L-N)2]3+ to the [Co2+(L-
N)(L-N+)]3+ state can be observed. Following the theory of Marcus this band reports
on energy diﬀerence and reorganisation energy between the two states [Co3+(Tara)2]3+
and [Co2+(Tara)(Tara+)]3+. [2,67,256] Figure E5 gives the typical parabolic representation
of the CT reaction coordinate. For mixed-valence compounds, the reorganisation energy
λ is reﬂected by the inter-valence charge transfer (IVCT) absorptions and can be used
to calculate the above mentioned parameters. For the CT system [Co3+(L)2]3+ (L =
E2E4) the determination is complicated by the asymmetry (λ1 6= λ2), the concomitant
spin transition, the unknown diﬀerence in entropy and the expected weak coupling that
lead to rather small intensities. However, in conjunction with the expected characteristic
changes in the electronic spectra for the Tara and Co2+ oxidation the appearance of this
IVCT analogue CT band can be reported qualitatively on the order of the oxidation
processes and the activation energy (E a ≈ 14λ). Spectroelectrochemistry investigations
were carried out in anhydrous acetonitrile solution of the appropriate complex (2 mM)
with added [nBu4N][B(C6F5)4] (100 mM) as supporting electrolyte using an OTTLE
(optically transparent thin-layer electrochemistry) [226] cell.
In situ oxidation of complexes [Co(L)2]2+ to [Co(L)2]3+ (L = E2, E3) leads to character-
istic red shift of the ILCT band in the vis and adjacent region. This ﬁnding is consistent
with the Co-centred oxidation. New weak and broad CT bands appear for complexes
[Co3+(L)2]3+ (L = E2, E3). The maximum is found at 830 nm for [Co3+(E2)2]3+ (Fig-
ure E6) and at 935 nm for [Co3+(E3)2]3+ (Figure E7-SI). Deconvolution of the new
band revealed two Gaussian-shaped absorptions which can be assigned to the Tara →
Co3+ CT transition. For complex [Co(E3)2]3+ a weak but smaller additional band is
found, which is allocated to the formation of a Tara+ radical. Due to the low inten-
sity only a minor fraction of [Co3+(E3)2]3+ is in the [Co2+(Tara)(Tara+)]3+ state. The
origin of the second charge transfer band for the Tara → Co3+ transition is not unam-
biguously explainable to the moment. We assume that the doubly degenerated ground
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Figure E6 [left] UV/vis-NIR spectra of [Co(E2)2]2+ at rising potentials vs. Ag/AgCl
in acetonitrile. The inset enlarges the CT band that results from [Co3+(E2)2]3+ to
Co2+(E2)(E2+)]3+ excitation. The green line is recorded at 300 mV; the blue line
at 1175 mV; the black dashed line at 300 mV after the electrochemical oxidation to
prove the reversibility. [right] Deconvolution of the NIR absorptions at 1175 mV of in
situ generated [Co(E2)2]3+ (green  experimental, black  deconvoluted) using three
Gaussian shaped graphs (dashed lines). Measurement conditions: 2 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1 as supporting electrolyte, 25 °C.
state of the Co2+ ion is lifted by the asymmetry of the [Co2+(Tara)(Tara+)]3+ state.
The oxidation is fully reversible and electronic spectra of [Co2+(L)2]2+ (L = E2, E3)
were obtained after reduction at E = 300 mV. The determination of the physical pa-
rameters (wavenumber νmax, extinction max and full-width at half-maximum ∆ν1/2)
was achieved by deconvolution of the UV/vis-NIR data. Three ([Co3+(E2)2]3+) or four
([Co3+(E3)2]3+) Gaussian-shaped overlapping functions were used to analyse the exper-
imental spectra. Two of these Gaussian-shaped functions for [Co(L)2](ClO4)2 (L = E2,
E3) are assigned to CT bands for the Tara→ Co3+ transition. The assignment is based
on max and ∆ν1/2. The respective data are summarised in Table E2. By contrast,
electronic spectra of in situ generated [Co2+(E4+)2]4+ show intensive absorptions at 880
nm in the visible region, typical for Tara+ radicals. Similar bands are observed in the
zinc complex [Zn2+(E3+)2]4+.
Redox potentials are not only a function of the molecular structure but are inﬂuenced
by the environment namely the solvation. Two eﬀects are important. Firstly diﬀerent
solvation of the Co2+/3+ and Tara0/+ redox sites modulate ∆E 0' between the Co2+/3+-
and Tara0/+-centred redox reaction. Secondly, the electron transfer leads to reorganisa-
tion of the solvation sphere, less polar solvents need smaller reorganisation, therefore the
separation of the two states [Co3+(Tara)2]3+ and [Co2+(Tara)(Tara+)]3+ on the reaction
coordinate is smaller and the absorptions assigned to λ1 and λ2 are bathochromically
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shifted. In order to study such solvation eﬀects spectroelectrochemical measurements
were repeated in dichloromethane solution for complexes [Co(L)2](ClO4)2 (L = E2E4).
Oxidation of complex [Co2+(E2)2]2+ to [Co3+(E2)2]3+ leaves similar traces in the elec-
tronic spectra in CH3CN and CH2Cl2, indicating an unchanged order of redox events. In
line with less polar solvation cage the CT band for λ2 is bathochromically shifted. On
the one hand this solvatochromic behaviour of the CT band is typical for weakly-coupled
systems, [88,110,150,257] on the other hand a concomitant shift of the ground state energy
by the diﬀerent solvation might have an substantial eﬀect. In contrast to the electronic
spectra of in situ generated [Co(E3)2]3+ in CH3CN electronic spectra in CH2Cl2 show
intensive absorption at 840 nm, typical for Tara+ radicals. This is consistent with a
marked shift of the equilibrium between [Co3+(E3)2]3+ and [Co2+(E3)(E3+)]3+ to the
latter state. Electronic spectra of complex [Co2+(E4+)2]4+ show the typical absorptions
for Tara+ radicals at 917 nm, indicating unchanged order of the oxidation steps.
Figure E7 Comparison of vis-NIR absorptions of [Co3+(E2,E3)2]3+ and [Co2+(E4+)2]4+
in acetonitrile and dichloromethane solutions. The Tara+ absorption of [Co2+(E4+)2]4+
in CH3CN ( = 11300 L mol−1 cm−1) and of [Co2+(E3+)2]4+ in CH2Cl2 ( = 4900 L mol−1
cm−1) are much more intense than the Tara → Co3+ CT bands of [Co3+(E2,E3)2]3+ in
CH3CN and of [Co3+(E2)2]3+ in CH2Cl2 solutions.
UV/vis-NIR Spectroscopy
The Co3+ complexes [Co(L)2](ClO4)3-n(BF4)n (L=E2, E3) were investigated by UV/vis-
NIR spectroscopy to prove the Tara→ Co3+ CT bands from the spectroelectrochemical
measurements. The UV/vis-NIR spectra were obtained in acetonitrile solution of the
respective complex and are depicted in Figure E8.
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Figure E8 [left] UV/vis-NIR spectra of [Co(L)2](ClO4)3-n(BF4)n (L = E2, E3) in
acetonitrile, the inset shows the area of the Tara → Co3+ CT bands. [top right] De-
convolution of the Tara → Co3+ CT band of [Co(E2)2](ClO4)3-n(BF4)n using three
Gaussian-shaped bands. [bottom right] Deconvolution of [Co(E3)2](ClO4)3-n(BF4)n us-
ing four Gaussian-shaped bands. Measurement conditions: 0.5 mmol L−1 analyte, 25
°C.
Complexes [Co(L)2](ClO4)3-n(BF4)n (L = E2, E3) show the same absorptions observed
for in situ oxidised [Co3+(L)2]3+ (L = E2, E3). The Tara → Co3+ CT bands are
observed in the area of 600  1250 nm. In [Co(E2)2](ClO4)3-n(BF4)n three Gaussian-
shaped curves (two for the Tara→ Co3+ and one for the adjacent ILCT transition) sum
up almost an exact overlay of the experimental data. Akin to the spectroelectrochemi-
cal measurements [Co(E3)2](ClO4)3-n(BF4)n an additional Gaussian-shaped absorption
appears which can be assigned to the Tara-N+ absorption. The intensity max, the full-
width-at-half-height ∆ν1/2 and νmax are summarised in Table E2. The data for the
absorption bands of complexes [Co(L)2](ClO4)3-n(BF4)n (L = E2, E3) are in reasonable
agreement with the data obtained for in situ generated Co3+ complexes.
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Table E2 UV/vis-NIR data of Tara → Co3+ CT bands obtained by deconvolution of
complexes [Co3+(L)2]3+ and [Co(L)2](ClO4)3-n(BF4)n (L = E2, E3).
Tara → Co3+ CT I Tara → Co3+ CT II
Complex Solvent νmax ∆ν1/2 max νmax ∆ν1/2 max
investigated [cm]−1 [cm]−1 [L mol−1 [cm]−1 [cm]−1 [L mol−1
cm−1] cm−1]
[Co3+(E2)2]
3+ CH3CN 11625 4850 230 15700 4650 170
[Co(E2)2](ClO4)3-n(BF4)n CH3CN 11650 4625 85 15525 4350 70
[Co3+(E3)2]
3+ CH3CN 10700 4500 245 14070 4150 195
[Co(E3)2](ClO4)3-n(BF4)n CH3CN 10800 4200 85 14250 4100 130
[Co3+(E2)2]
3+ CH2Cl2 10250 4310 158 13450 4000 143
E3 Conclusions
A series of phenanthroline-pyridyl-based ligands E1E4 with a redox-active Tara unit
were synthesised. Their corresponding 1:2 Co2+ complexes [Co(L)2]2+ (L = E1E4)
were isolated as the ClO4− salts. Complex [Co(E3)2](ClO4)2 was characterised by sin-
gle X-ray diﬀraction analysis and revealed the expected bis meridional coordinations
sphere. The distance between the Co2+ ion and the Tara nitrogen atoms amounts to 3.4
Å. Bond lengths agree with the expected HS-Co2+ state. The cyclic voltammograms of
[Co(L)2](ClO4)2 (L = E1E3) recorded in acetonitrile show the chemically reversible
Co2+/3+ oxidation followed by an irreversible Tara nitrogen oxidation. Contrastingly, the
oxidation of [Co(E4)2]2+ leads to a Tara-centred oxidation; the Co-centred oxidation is
shifted outside the chemical window. Both Co- and Tara-centred redox events were as-
signed by UV/vis-NIR spectroelectrochemical measurements. Complexes [Co3+(L)2]3+
(L = E2, E3), generated in situ, show weak CT bands assigned to a charge trans-
fer from one Tara moiety to the Co3+ ion. The CT band of [Co3+(E2)2]3+ is solva-
tochromic with a shift of 2250 cm−1 between acetonitrile and dichloromethane. The
equilibrium of electromeric species was shifted from the [Co3+(E3)2]3+ in CH3CN to-
wards the [Co2+(E3+)(E3)]3+ side in CH2Cl2 solutions.
Complexes [Co(L)2](ClO4)2 (L = E2, E3) were oxidised using NOBF4 and the respec-
tive diamagnetic LS-Co3+ complexes were isolated as mixed ClO4−/BF4− salts. The LS
state of the Co3+ ion was conﬁrmed by 1H NMR spectroscopy.
The experimental results clearly show that placing the Tara0/+ redox centres close to the
Co2+/3+ centre increases the electronic coupling but also enhances Coulomb repulsion.
Both eﬀects open the stability window for the intermediate redox state name [Co(L)2]3+.
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The CTIST equilibrium between the diamagnetic [Co3+(L)2]3+ and the paramagnetic
[Co2+(L+)(L)]3+ state can be shifted to either sides by using appropriate donors on the
Taras. Similarly, a change of solvent has severe impact on the equilibrium position.
E4 Experimental
General Remarks: All reactions handling sensitive chemicals were carried out under an
atmosphere of argon using standard Schlenk and cannula techniques. Anhydrous ethanol
(EtOH) and anhydrous acetonitrile (CH3CN) were purched commercially from Acros
Organics. Toluene was taken from a solvent puriﬁcation system SPS-800 by MBraun
(double column solvent ﬁltration, working pressure 0.5 bar). 2-(6-Bromopyridin-2-yl)-
1,10-phenanthroline was synthesised as previously reported in the literature. [215] All other
chemicals were purchased from commercial suppliers and were used without further pu-
riﬁcation.
Instrumentation: Elemental analyses were performed using a Thermo FlashAE 1112
analyser. NMR spectra were recorded with a Bruker Avance III 500 spectrometer in-
cluding a TopSpin 2.1 programme package for data acquisition. Chemical shifts are ref-
erenced internally to the residual protons (d1-chloroform δ = 7.26 ppm, d3-acetonitrile δ
= 1.94 ppm) and to the 13C NMR signal (d1-chloroform δ = 77.16 ppm). Mass spectra
were recorded with a Bruker micrOTOF-QIIa mass spectrometer operating in ESI mode
(ESI = electronspray ionisation).
Electrochemistry: Measurements on 1.0 mmol L−1 solutions of the analyte in an-
hydrous, acetonitrile, propylene carbonate and dichloromethane solutions containing
0.1 mol L−1 of [nBu4N][B(C6F5)4] as supporting electrolyte were conducted under an
atmosphere of argon at 25 °C utilising a Voltalab 10 electrochemical laboratory from
Radiometer Analytical. A three cell electrode cell, which utilised a Pt auxiliary elec-
trode, a glassy carbon working electrode (3 mm diameter) and an Ag/Ag+ (0.01 M
AgNO3) reference electrode mounted on a Luggin capillary was used. The reference
electrode was built from a silver wire inserted into a solution of 0.01 mol L−1 [AgNO3]
and 0.1 mol L−1 of [nBu4N][B(C6F5)4] in acetonitrile, in a Luggin capillary with a Vycor
tip. This Luggin capillary was inserted into a second Luggin capillary with a Vycor tip
ﬁlled with 0.1 mol L−1 of [nBu4N][B(C6F5)4] in acetonitrile, propylene carbonate and
dichloromethane, respectively. [79,149,188,219,258,259] The working electrode was prepared by
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polishing on a Buehler microcloth ﬁrst with a 1 µm and then with a 1/4 µm diamond
paste before every measurement. Successive experiments under same conditions showed
that all formal oxidation and reduction potentials were reproducible with ±5 mV. Ex-
perimental potentials were referenced against Ag/Ag+ reference electrode but results are
presented referenced against ferrocene (FcH/FcH+ couple = 220 mV vs. Ag/Ag+, ∆E p
= 61 mV) as an internal standard as required by IUPAC. [220,260,261] When decamethyl-
ferrocene [Fc* = Fe(η5-C5Me5)2] was used as an internal standard, the experimentally
measured potential was converted into E vs. FcH/FcH+ (under our conditions Fc*/Fc*+
couple was at 513 mV vs. FcH/FcH+, ∆E p = 60 mV in acetonitrile and 492 mV vs.
FcH/FcH+, ∆E p = 62 mV in propylene carbonate). Data were then manipulated on a
Microsoft Excel worksheet to set the formal redox potentials of the FcH/FcH+ couple to
E 0' = 0.000 V. The cyclic voltammograms were taken after typical two scans and are
considered to be steady state cyclic voltammetry in which the signal pattern diﬀers not
from the initial sweep. [nBu4N][B(C6F5)4] was prepared by metathesis of Li[B(C6F5)4] ·
n Et2O (Boulder Scientiﬁc) with [nBu4N]Br according to the published procedure. [149]
Spectroelectrochemistry: The spectroelectrochemical UV/vis-NIR measurements of
the complex (2 mM) were performed in anhydrous acetonitrile and dichloromethane so-
lution. [nBu4N][B(C6F5)4] (0.1 M) was used as supporting electrolyte. Measurements
were carried out in an OTTLE [226] (= optically transparent thin-layer electrochemistry,
quartz windows for UV/vis-NIR) cell with a Varian Cary spectrophotometer at 25 °C.
Between the spectroscopic measurements the applied potentials have been increased
step-wisely using step-heights of 25, 50, 100, 150, 200 or 300 mV. Afterwards the an-
alyte was reduced at 300 mV and an additional spectrum was recorded to prove the
reversibility of the oxidation.
UV/vis-NIR Spectroscopy: UV/vis-NIR spectra of [Co(E2,E3)2](ClO4)3-n(BF4)n
(0.5 mM) in anhydrous acetonitrile were recorded in a cell with quartz windows with
Varian Cary 5000 spectrophotometer at 25 °C.
Single Crystal X-ray Analysis: Crystals of [Co(E3)2](ClO4)2 suitable for single
cyrstal X-ray analysis were grown by slow diﬀusion of diethyl ether into an acetoni-
trile solution containing the complex at 25 °C. The structural analysis revealed that
the asymmetric unit comprises two crystallographically independent [Co(E3)2](ClO4)2
units, two Et2O and 2.5 CH3CN molecules as packing solvents to give the general formula
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{[Co(E3)2](ClO4)2}4(Et2O)4(CH3CN)9. In the whole manuscript we will, however, re-
fer to [Co(E3)2](ClO4)2 only. Data of [Co(E3)2](ClO4)2 were collected with an Oxford
Gemini S diﬀractometer using graphite-monochromatised Cu-Kα radiation (λ = 1.54184
Å). The structure was solved with direct methods and reﬁned by full-matrix least-squares
on F 2. [182] All non-hydrogen atoms were reﬁned anisotropically. Hydrogen atoms were
reﬁned using a riding model. One of acetonitrile packing solvent molecules was reﬁned
with an occupation factor of 0.5. One of the ClO4− ions (Cl4, O17-20) is disordered and
was reﬁned to ﬁnal split occupancies of 0.77/0.23.
General Procedure for the Synthesis of E1E4: 2-(6-Bromopyridin-2-yl)-1,10-
phenanthroline (500 mg, 1.49 mmol), the respective diaryl amine (2.5 eq.), Pd2(dba)3
(27.3 mg, 2 mol-%), 1,1'-bis-(diphenylphosphino)ferrocene (dppf, 33 mg, 4 mol-%) and
sodium-tert-butoxide (357 mg, 3.72 mmol) were mixed in 30 mL of anhydrous toluene
and heated to 100 °C for 2  9 h. The reaction progress was monitored by 1H NMR
spectroscopy. The chilled reaction mixture was hydrolysed with water and extracted
with 2 × 40 mL of CH2Cl2. The combined organic phases were dried over Na2SO4 and
evaporated to dryness. Puriﬁcation over ALOX with a mixture of n-hexane/CH2Cl2
(2:1, v/v) and 3 % NEt3 as eluent lead to a pale yellow solid.
Synthesis of 6-(1,10-phenanthrolin-2-yl)-N,N -di-phenylpyridin-2-amine (E1):
According to the general methodology described earlier, N,N '-diphenylamine (643 mg,
3.7 mmol) yielded 284 mg of the title compound (45 % based on 2-(6-bromopyridin-2-
yl)-1,10-phenanthroline). C29H20N4 · 12 H2O (433.50 g mol
−1): C 80.54 (calcd. 80.35), H
4.69 (4.88), N 12.58 (12.92) %. 1H NMR (500 MHz, CDCl3, 300 K): 9.24 (dd, J = 4.3,
1.7 Hz, 1H), 8.54 (dd, J = 7.5, 0.7 Hz, 1H), 8.41 (d, J = 8.4 Hz, 1H), 8.25 (dd, J = 8.0,
1.7 Hz, 1H), 8.21 (d, J = 8.4 Hz, 1H), 7.80  7.75 (m, 2H), 7.67 (dd, J = 8.2, 7.6 Hz,
1H), 7.63 (dd, J = 8.0, 4.3 Hz, 1H), 7.40  7.35 (m, 4H), 7.34  7.30 (m, 4H), 7.18 (ddd,
J = 8.6, 2.6, 1.3 Hz, 2H), 6.80 ppm (dd, J = 8.2, 0.7 Hz, 1H). 13C NMR (125.80 MHz,
CDCl3, 300 K): 158.11, 156.67, 154.11, 150.55, 146.64, 146.20, 145.74, 138.51, 136.92,
136.25, 129.36, 129.13, 128.82, 126.76, 126.68, 126.58, 124.60, 122.93, 121.13, 115.21,
113.96 ppm. MS-ESI: 425.1766 ([M+H]+, calcd. 425.1736), 447.1586 ([M+Na]+, calcd.
447.1580), 463.1325 ([M+K]+, calcd. 463.1320).
Synthesis of 6-(1,10-phenanthrolin-2-yl)-N,N -di-p-tolylpyridin-2-amine (E2):
According to the general methodology described earlier, di-p-tolylamine (733 mg, 3.7
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mmol) yielded 369 mg of the title compound (55 % based on 2-(6-bromopyridin-2-yl)-
1,10-phenanthroline). C31H24N4 · 12 H2O (461.56 g mol
−1): C 80.61 (calcd. 80.67), H 5.40
(5.46), N 11.85 (12.14) %. 1H NMR (500 MHz, CDCl3, 300 K): 9.24 (dd, J = 4.3, 1.7
Hz, 1H), 8.49 (d, J = 7.5, 0.6 Hz, 1H), 8.45 (d, J = 8.4 Hz, 1H), 8.25 (dd, J = 8.1, 1.7
Hz, 1H), 8.23 (d, J = 8.4 Hz 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H),
7.65  7.61 (m, 2H), 7.21 (d, J = 8.4 Hz, 4H), 7.17 (d, J = 8.2 Hz, 4H), 6.73 (dd, J =
8.3, 0.6 Hz, 1H), 2.38 ppm (s, 6H). 13C NMR (125.80 MHz, CDCl3, 300 K): 158.23,
156.85, 153.92, 150.51, 146.63, 145.69, 143.64, 138.33, 136.88, 136.25, 134.19, 129.96,
129.11, 128.79, 126.78, 126.65, 126.49, 122.89, 121.21, 114.56, 113.29, 21.15 ppm. MS-
ESI: 453.2074 ([M+H]+, calcd. 453.2074), 475.1893 ([M+Na]+, calcd. 475.1888).
Synthesis of N -(4-methoxyphenyl)-6-(1,10-phenanthrolin-2-yl)-N -(p-tolyl)-
pyridin-2-amine (E3): According to the general methodology described earlier,
4-methoxy-N -(p-tolyl)aniline (800 mg, 3.7 mmol) yielded 363 mg of the title compound
(52 % based on 2-(6-bromopyridin-2-yl)-1,10-phenanthroline). C31H24N4O (468.20 g
mol−1): C 79.19 (calcd. 79.46), H 5.24 (5.16), N 11.75 (11.96) %. 1H NMR (500
MHz, CDCl3, 300 K): 9.24 (dd, J = 4.3, 1.7 Hz, 1H), 8.47 (dd, J = 7.5, 0.6 Hz, 1H),
8.44 (d, J = 8.4 Hz, 1H), 8.24 (dd, J = 8.1, 1.7 Hz, 1H), 8.22 (d, J = 8.4 Hz, 1H), 7.78
(d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 7.65  7.60 (m, 2H), 7.28  7.24 (m, 2H),
7.24  7.20 (m, 2H), 7.17 (d, J = 8.1 Hz, 2H), 6.95  6.91 (m, 2H), 6.70 (dd, J = 8.3,
0.6 Hz, 1H), 3.85 (s, 3H), 2.38 ppm (s, 3H). 13C NMR (125.80 MHz, CDCl3, 300 K):
158.35, 157.03, 156.89, 153.89, 150.52, 146.70, 145.74, 143.70, 139.23, 138.31, 136.87,
136.21, 133.98, 129.89, 129.13, 128.59, 126.78, 126.49, 126.31, 122.88, 121.17, 114.76,
114.30, 112.75, 55.65, 21.12 ppm. MS-ESI: 468.1945 ([M], calcd. 468.1950), 469.2023
([M+H]+, calcd. 469.2028), 491.1842 ([M+Na]+, calcd. 491.1848), 507.1582 ([M+K]+,
calcd. 507.1587).
Synthesis ofN,N -bis(4-methoxyphenyl)-6-(1,10-phenanthroline-2-yl)pyridine-
2-amine (E4): According to the general methodology described earlier, bis-(4-methoxy-
phenyl)amine (848 mg, 3.7 mmol) yielded 322 mg of the title compound (45 % based
on 2-(6-bromopyridin-2-yl)-1,10-phenanthroline). C31H24N4O2 · 12 H2O (493.56 g mol
−1):
C 75.42 (calcd. 75.44), H 5.02 (5.11), N 11.02 (11.35) %. 1H NMR (500 MHz, CDCl3,
300 K): 9.27 (dd, J = 4.4, 1.6 Hz, 1H), 8.53 (d, J = 7.4 Hz, 1H), 8.45 (d, J = 8.4 Hz,
1H), 8.30 (dd, J = 8.0, 1.5 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.8 Hz, 1H),
7.77 (d, J = 8.8 Hz, 1H), 7.67 (dd, J = 8.0, 4.4 Hz, 1H), 7.63 (dd, J = 8.3, 7.5 Hz, 1H),
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7.27 (d, J = 9.0 Hz, 4H), 6.93 (d, J = 8.9 Hz, 4H), 6.67 (dd, J = 8.3, 0.6 Hz, 1H), 3.85
ppm (s, 6H). 13C NMR (125.80 MHz, CDCl3, 300 K): 158.39, 156.84, 153.76, 150.49,
146.62, 145.68, 139.21, 138.31, 136.88, 136.24, 129.10, 128.77, 128.25, 126.78, 126.47,
122.88, 121.11, 114.66, 113.94, 112.14, 55.64 ppm. MS-ESI: 485.1977 ([M+H]+, calcd.
485.1978).
General Procedure for the Synthesis of [Co(E1E4)2](ClO4)2 and
[Zn(E3)2](ClO4)2: 2 eq of the appropriate ligand (E1E4) and 1 eq of the metal
salt were suspended in 4 mL of anhydrous ethanol and stirred overnight at ambient
temperature. After centrifugation, the solid was washed with 2 mL of ethanol and 5
mL of diethyl ether consecutively. The solid was dissolved in 3 mL of CH3CN and ﬁl-
tered through Celite. The ﬁltrate was mixed with diethyl ether until a precipitation was
formed. The solid was isolated through centrifugation; the remaining precipitate was
washed with diethyl ether twice and dried in vacuum.
Synthesis of [Co(E1)2](ClO4)2: According to the general methodology described
earlier, E1 (222 mg, 0.5 mmol) and Co(ClO4)2 ·6H2O (91 mg, 0.25 mmol) yielded 223
mg of a red solid (81 % based on E1). C58H40Cl2CoN8O8 · 32 H2O (1133.85 g mol
−1): C
61.34 (calcd. 61.44), H 3.56 (3.82), N 10.07 (9.88) %. 1H NMR (500 MHz, CD3CN,
300 K): 228.65 (s, LW = 285 Hz, T 1 = 888 µs, 2H), 148.37 (s, LW = 87 Hz, T 1 = 7.3
ms, 2H), 105.99 (s, LW = 58 Hz, T 1 = 9.5 ms, 2H), 45.48 (s, LW = 18 Hz, T 1 = 24
ms, 2H), 41.01 (s, LW = 23 Hz, T 1 = 25 ms, 2H), 35.81 (s, LW = 13 Hz, T 1 = 45 ms,
2H), 35.27 (s, LW = 11 Hz, T 1 = 40 ms, 2H), 16.38 (s, LW = 13 Hz, T 1 = 42 ms, 2H),
15.47 (s, LW = 10 Hz, T 1 = 98 ms, 2H), 0.87 (bs), 2.33 (bs), 11.29 (bs), 11.29 (s, LW
= 15 Hz, T 1 = 92 ms, 2H), 12.57 (bs), 18.72 (bs), 29.88 ppm (bs). MS-ESI: 1006.2188
([M-ClO4]+, calcd. 1006. 2193), 942.2391 ([M-2ClO4+Cl]+, calcd. 942.2396).
Synthesis of [Co(E2)2](ClO4)2: According to the general methodology described
earlier, E2 (150 mg, 0.33 mmol) and Co(ClO4)2 ·6H2O (60 mg, 0.16 mmol) yielded 100
mg of a purple solid (52 % based on E2). C62H48Cl2CoN8O8 · 32 H2O (1189.86 g mol
−1):
C 62.64 (calcd. 62.58), H 4.14 (4.32), N 9.51 (9.42) %. 1H NMR (500 MHz, CD3CN,
300 K): 227.67 (s, LW = 353 Hz, T 1 = 915 µs, 2H), 147.98 (s, LW = 89 Hz, T 1 = 7.3
ms, 2H), 106.23 (s, LW = 60 Hz, T 1 = 9.2 ms, 2H), 45.15 (s, LW = 19 Hz, T 1 = 25
ms, 2H), 41.02 (s, LW = 24 Hz, T 1 = 25 ms, 2H), 35.92 (s, LW = 14 Hz, T 1 = 44 ms,
2H), 35.13 (s, LW = 12 Hz, T 1 = 38 ms, 2H), 16.04 (s, LW = 13.5 Hz, T 1 = 40 ms,
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2H), 15.41 (s, LW = 10 Hz, T 1 = 94 ms, 2H), 1.54 (bs, T 1 = 233 ms), 2.41 (bs, T 1 =
67 ms), 11.17 (s, LW = 18 Hz, T 1 = 90 ms, 2H), 11.55 (bs, T 1 = 224 ms), 17.74 (bs,
T 1 = 40 ms), 29.99 ppm (bs). MS-ESI: 1062.2814 ([M-ClO4]+, calcd. 1062.2819).
Synthesis of [Co(E3)2](ClO4)2: According to the general methodology described
earlier, E3 (200 mg, 0.43 mmol) and Co(ClO4)2 ·6H2O (79 mg, 0.21 mmol) yielded 200
mg of a purple solid (78 % based on E3). C62H48Cl2CoN8O10 ·H2O (1212.95 g mol−1):
C 61.50 (calcd. 61.39), H 4.10 (4.16), N 9.35 (9.24) %. 1H NMR (500 MHz, CD3CN,
300 K): 228.42 (s, LW = 652 Hz, T 1 = 750 µs, 2H), 148.51 (s, LW = 104 Hz, T 1 = 7
ms, 2H), 106.58 (s, LW = 155 Hz, T 1 = 10 ms, 2H), 45.02 (s, LW = 28 Hz, T 1 = 24
ms, 2H), 41.24 (s, LW = 98 Hz, T 1 = 22.4 ms, 2H), 35.83 (s, LW = 56 Hz, T 1 = 42
ms, 2H), 35.06 (s, LW = 81 Hz, T 1 = 36 ms, 15.96 (s, LW = 160 Hz, T 1 = 35 ms, 2H),
15.21 (s, LW = 37 Hz, T 1 = 85 ms, 2H), 0.06 (bs, LW = 182 Hz, T 1 = 304 ms), 1.71
(bs, LW = 355 Hz, T 1 = 159 ms), 2.74 (bs, LW = 266 Hz, T 1 = 60 ms), 6.59 (bs, LW
= 295 Hz, T 1 = 337 ms), 11.18 (s, LW = 45 Hz, T 1 = 91 ms, 2H), 11.54 (bs, LW = 263
Hz), 18.00 (bs, LW = 1186 Hz), 29.91 ppm (bs, LW = 1022 Hz). MS-ESI: 1094.2712
([M-ClO4]+, calcd. 1094.2717).
Crystal Data for [Co(E3)2](ClO4)2: C282H259Cl8Co4N41O44, M r = 5445.61 g mol−1,
crystal size 0.3 × 0.3 × 0.08 mm, monoclinic, P21, λ = 1.54184 Å, a = 12.9659(5) Å, b
= 38.785(3) Å, c = 13.2638(6) Å, α = 90°, β = 97.878(4)°, γ = 90°, V = 6607.1(7) Å3,
Z = 1, ρcalcd = 1.369 g cm−3, µ = 3.353 mm−1, T = 120 K, θ range 3.364  66.236°,
23406 reﬂections collected, 17594 independent reﬂections, Rint = 0.0584, R1 = 0.0875,
wR2 = 0.2153 [I > 2σ(I )].
Synthesis of [Zn(E3)2](ClO4)2: According to the general methodology described
earlier, E3 (71 mg, 0.15 mmol) and Zn(ClO4)2 ·6H2O (28 mg, 0.076 mmol) yielded 56
mg of an orange solid (61 % based on E3). C62H48Cl2N8O10Zn (1201.38 g mol−1): C
61.95 (calcd. 61.98), H 3.97 (4.03), N 9.74 (9.33) %. 1H NMR (500 MHz, CD3CN, 300
K): 9.06 (d, J = 8.7 Hz, 2H), 8.95 (d, J = 8.7 Hz, 2H), 8.52 (dd, J = 7.7, 0.6 Hz, 2H),
8.33 (t, J = 7.9 Hz, 2H), 8.24 (dd, J = 8.2, 1.4 Hz, 2H), 8.15 (d, J = 9.0 Hz, 2H), 7.96
(d, J = 9.0 Hz, 2H), 7.24 (dd, J = 8.1, 4.7 Hz, 2H), 7.11 (dd, J = 8.1, 0.7 Hz, 2H), 7.00
(dd, J = 4.7, 1.4 Hz, 2H), 6.02 (bs, 8H), 5.83 (bs, 4H), 5.68 (bs, 2H), 3.54 (bs, 6H), 1.81
ppm (bs, 6H). MS-ESI: 1099.2671 ([M-ClO4]+, calcd. 1099.2677.
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Synthesis of [Co(E4)2](ClO4)2: According to the general methodology described
earlier, E4 (200 mg, 0.41 mmol) and Co(ClO4)2 ·6H2O (75 mg, 0.2 mmol) yielded 205
mg of a purple solid (82 % based on E4). C62H48Cl2CoN8O12 (1226.93 g mol−1): C 60.49
(calcd. 60.69), H 4.01 (3.94), N 9.28 (9.13) %. 1H NMR (500 MHz, CD3CN, 300 K):
229.37 (s, LW = 369 Hz, T 1 = 840 µs, 2H), 149.31 (s, LW = 68 Hz, T 1 = 6 ms, 2H),
107.02 (s, LW = 50 Hz, T 1 = 8 ms, 2H), 44.97 (s, LW = 19 Hz, T 1 = 22 ms, 2H), 41.52
(s, LW = 21 Hz, T 1 = 23 ms, 2H), 35.77 (s, LW = 13 Hz, T 1 = 40 ms, 2H), 35.17 (s,
LW = 14 Hz, T 1 = 34 ms, 2H), 15.74 (s, LW = 15 Hz, T 1 = 36 ms, 2H), 14.99 (s, LW
= 11 Hz, T 1 = 85 ms, 2H), 0.07 (bs, LW = 303 Hz, T 1 = 285 ms), 2.90 (bs, LW = 326
Hz, T 1 = 61 ms), 6.60 (bs, LW = 277 Hz, T 1 = 271 ms), 11.24 (s, LW = 13 Hz, T 1 =
79 ms, 2H), 11.26 (bs), 18.18 (bs), 29.97 ppm (bs, LW = 1056 Hz). MS-ESI: 1126.2610
([M-ClO4]+, calcd. 1126.2616).
General Procedure for the Oxidation of the Co2+ Complexes: The appropriate
Co2+ complex was dissolved in 3 mL of anhydrous CH3CN and was mixed with 1 eq of
NOBF4 at ambient temperature. The reaction mixture was stirred for 5 min and diethyl
ether was added until a precipitation was formed. The precipitate was isolated through
centrifugation; the solid was washed with diethyl ether twice and dried in vacuum.
Synthesis of [Co(E2)2](ClO4)3-n(BF4)n: According to the general methodology de-
scribed earlier, [Co(E2)2](ClO4)2 (80 mg, 0.069 mmol) and NOBF4 (8 mg, 0.069 mmol)
yielded 65 mg of a red solid (75 % based on [Co(E2)2](ClO4)2). 1H NMR (500 MHz,
CD3CN, 300 K): 9.39 (d, J = 8.7 Hz, T 1 = 537 ms, 2H), 9.21 (d, J = 8.7 Hz, T 1
= 429 ms, 2H), 8.68 (dd, J = 7.6, 1.4 Hz, T 1 = 430 ms, 2H), 8.42  8.36 (m, T 1 =
592, 690 ms, 4H), 8.29 (d, J = 8.9 Hz, T 1 = 520 ms, 2H), 8.05 (d, J = 8.9 Hz, T 1
= 684 ms, 2H), 7.32 (dd, J = 8.1, 5.8 Hz, T 1 = 514 ms, 2H), 7.09 (dd, J = 8.0, 1.4
Hz, T 1 = 566 ms, 2H), 6.92 (d, J = 8.2 Hz, T 1 = 637 ms, 4H), 6.07 (d, J = 8.2 Hz,
T 1 = 634 ms, 4H), 5.96 (d, J = 5.1 Hz, T 1 = 502 ms, 2H), 5.82 (d, J = 8.5 Hz, T 1
= 480 ms, 4H), 5.33 (d, J = 8.2 Hz, T 1 = 513 ms, 4H), 2.28 (s, T 1 = 480 ms, 6H),
1.93 ppm (s, T 1 = 796 ms, 6H).MS-ESI: 1094.2712 ([M-BF4-ClO4]+, calcd. 1094.2717).
Synthesis of [Co(E3)2](ClO4)3-n(BF4)n: According to the general methodology de-
scribed earlier, [Co(E3)2](ClO4)2 (30 mg, 0.025 mmol) and NOBF4 (2.9 mg, 0.025 mmol)
yielded 20 mg of a red solid (63 % based on [Co(E3)2](ClO4)2. The complex was used
without further puriﬁcation for 1H NMR and UV/vis-NIR measurements.
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E5 Supporting Information
Figures and Tables giving further cyclic and square wave voltammograms (Figures
E1E4-SI, tables E1,E2-SI), the molecular structure of the whole asymmetric unit of
[Co(E3)2](ClO4)2 (Figure E5-SI), UV/vis spectra of E1E4 (Figure E6-SI), spectroelec-
trochemical spectra (Figures E7E12-SI) and 1H NMR spectra (Figures E13E19-SI).
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E7 Appendix
Figure E2-SI Cyclic voltammogram of [Zn(E3)2](ClO4)2 in acetonitrile. Measurement
conditions: 1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting elec-
trolyte, scan rate 100 mV s−1, 25 °C.
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Figure E3-SI [left] Cyclic and square wave voltammograms of [Co(E3)2](ClO4]2; [right]
Cyclic and square wave voltammograms of [Co(E4)2](ClO4]2 in propylene carbonate.
Measurement conditions: 1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as
supporting electrolyte, scan rates 100 mV s−1 (CV) and 2 mV s−1 (SWV), 25 °C.
Figure E4-SI Cyclic (left, centre) and square wave voltammograms (right) of
[Co(L)2](ClO4)2 (L = E2E4) in dichloromethane. Measurement conditions: 1.0 mmol
L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan rate 100
mV s−1 (CV) and 2 mV s−1 (SWV), 25 °C.
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Figure E6-SI UV/vis absorption spectra of E1E4 in CH2Cl2 at 20 °C. The absorption
maxima at ≈ 370 nm is assigned to an intraligand charge transfer (ILCT) from the diaryl
amine unit to the pyridine moieties.
Figure E7-SI [left] UV/vis-NIR spectra of [Co(E3)2](ClO4)2 at rising potentials vs.
Ag/AgCl in acetonitrile. The inset is the section of the ligand-to-metal charge transfer
band caused by the electron transfer from the Tara nitrogen to the Co3+. This band is
partly covered by a weak Tara-N+ absorption. The green line is recorded at 300 mV; the
blue line at 1175 mV; the black dashed line at 300 mV after the electrochemical oxidation
to prove the reversibility of the green absorption. Measurement conditions: 2 mmol
L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C. [right]
Deconvolution of the NIR absorptions at 1175 mV of in situ generated [Co(E3)2](ClO4)+2
(blue  experimental at 1175 mV, black  deconvoluted) using four Gaussian shaped
graphs (dashed lines).
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Figure E19-SI 1H NMR spectrum of [Co(E3)2](ClO4)3-n(BF4)n in CD3CN at 25
°C. The line broadening is mainly due to paramagnetic impurities caused by the
[Co3+(E3)(E3+)](ClO4)3-n(BF4)n species.
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F1 Introduction
Terpyridines (tpy, 2,2':6',-terpyridine) are versatile terdentate N3 donor ligands in many
cobalt complexes. [262264] They have found wide applications as catalysts, [265267] redox
mediators in dye sensitised solar cells [146,268271] and cross-linkers in metallosupramolec-
ular polymers. [272275] Moreover, the spin crossover (SCO) phenomenon of d7 conﬁgured
Co2+ complexes can be observed, exclusively in very strong ligand ﬁelds though, such as
with tpy-derived ligands. [37,39,40,276] An approximate energetic degeneracy of high-spin
(HS) and low-spin (LS) states is commonly observed with 3d4  3d7 metal complexes
in an octahedral ligand geometry, allowing for stimulated cycling. The SCO in Co2+
complexes involves a thermally or optically induced relaxation cascade initiated by a
reversible electron transfer from the t62g e
1
g ground state to the t
5
2g e
2
g excited state. A
spin change of ∆S = 1 accompanies this transition from S = 1/2 to S = 3/2. [277] Due
to the requirement of extremely strong ligand ﬁelds Co2+ systems play an only minor
part in SCO research. Accordingly, unhampered by this limitation, alternative types of
Co spin state switches have gained interest recently. [17] One important class involves the
charge transfer induced spin transition (CTIST). [16,42,238] In CTIST systems, the spin
state change is coupled to an electron transfer event, which is stimulated by change of
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temperature and/or light irradiation. Akin to Co2+ SCO-complexes, the CTIST leads to
characteristic and reversible changes in the optical, magnetic and structural properties
of the metal complexes. [17,192] Investigations on CTIST systems are mainly limited to
Prussian-blue analogues [15,51,278] and valence tautomers. [161,213,214] Both mentioned sys-
tems include the Co2+/3+ redox couple. Co2+ complexes preferably exist in the HS state
with the above described exceptions of SCO compounds. In contrast, Co3+ complexes
are overwhelmingly found in the LS state. A combination of the HS-Co2+/LS-Co3+
with other redox systems like ferrocenes [176,239,240], catecholate/semiquinonate [161,164] or
triaryl amines (Taras) [82,84,196] creates CTIST systems with a metal spin state change of
∆S = 3/2.
Scheme F1 Photo- and thermally induced metal-based spin state interconversion con-
cerning a) valence-tautomerism in cobalt catecholate/semiquinonate complexes and b)
charge-transfer induced spin transition in [Co(L)2]3+ (L = F1F5). HS = high-spin, LS
= low-spin, CAT = catecholate, SQ = semiquinonate.
Previously, we have reported a HS-Co2+/LS-Co3+ redox couple in combination with
Tara-substituted phenanthroline-pyridyl based ligands. [215,279,280] The investigations re-
vealed both a light-induced charge transfer from the LS-Co3+ to the Tara unit and an
intramolecular redox equilibrium between 1[LS-Co3+(L)2]3+ and 5[HS-Co2+(L)(L+•)]3+.
The CTIST behaviour of these complexes was strongly inﬂuenced by their environment
and their structures. Pertinent factors were identiﬁed which include the nature of the
solvent molecules, distances between the redox couples as well as the para-substituents
of the Tara unit. In an extension of this work, we herein address the idea of competing
redox-sites in metal complexes through the combination of Co2+/3+ and redox-active
meridional N3 ligands deriving from the more ﬂexible tpy ligand scaﬀold. As is revealed
by extended experimental work on a series of new synthesised Co2+/3+ complexes of
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the tpy-derived ligands, the occurrence or absence of the CTIST phenomenon in the
Co/Tara systems sensitively depends on subtle details of ligand topology. Congruent re-
sults from X-ray crystallography, NMR, optical spectroscopy and electrochemistry reveal
any redox event as being metal-localised, yielding an assignment of the resulting oxi-
dised complexes as Co3+ species. These results are complemented by a discussion of the
relative energies of the relevant spin states in complexes [Co(L)2]2+/3+ (L = F1F3) as
compared to the prototype complexes [Co(tpy)2]2+/3+, in order to validate the inﬂuence
of the Tara moieties within these complexes. Corresponding frontier orbitals patterning
and energetic spacing indicate the existence of close-lying open-shell formulations.
F2 Results and Discussion
Synthesis and Characterisation of Co2+/3+ complexes with L =
F1F3
Palladium-catalysed Buchwald-Hartwig-coupling [242,243] of 6-bromo-4'-phenyl-2,2':6',2-
terpyridine [281] with appropriate diaryl amines aﬀords the meridional N3 compounds
F1F3 in moderate to good yields. The presence of the phenyl group in para-position
of the inner pyridine ring is an inherent feature of the synthetic routes towards asym-
metric terpyridines. After mixing two equivalents of F1F3 with [M(H2O)6](ClO4)2 (M
= Co, Zn) in ethanol solutions the Co2+ and Zn2+ complexes precipitate as moisture
and air stable yellow solids. The Zn2+ analogue served as a closed-shell surrogate for
HS-Co2+ complexes. Oxidation of [Co(L)2](ClO4)2 (L = F1, F3) with a slight excess of
the triaryl aminium radical (N(p-C6H4Br)3)(SbCl6) ("magic blue") yield the respective
Co3+ complexes as red-coloured powders in good yields. The syntheses are outlined in
Scheme F2. All compounds were characterised by 13C NMR (F1F3 only) and 1H NMR
spectroscopy, elemental analysis and mass spectrometry. A detailed description of the
synthesis and analytical data can be found in the Experimental Section.
Complexes [Co(L)2]2+ (L = F1F3) are paramagnetic due to their d7 conﬁguration
which can be readily conﬁrmed by their 1H NMR spectra (Figures F15-SI  F17-SI).
The resonances of the protons spread from 240 to 30 ppm and are all broadened sin-
glets with two exceptions. The sharp signals for the meta- and para-protons of the
tpy phenyl groups retain their native spin-spin coupling, because of their large spatial
distance to the paramagnetic centre. Nevertheless, their resonance signals are shifted
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Scheme F2 Synthesis of the Tara-substituted terpyridines F1F3 and their correspond-
ing Co2+, Zn2+ and Co3+ complexes.
downﬁeld to around 16  14 ppm with respect to the resonances of compounds F1F3.
Remarkable are some very broad resonances in [Co(L)2]2+ (L = F1F3) between 0 to
30 ppm. The proton sites are located on the amine-functionalised aryl groups, pointing
to hindered rotation of the aryl groups. T 1 relaxation times of all proton resonances are
considerably shortened (T 1 ≈ 1  520 ms) due to the paramagnetic coupling with un-
paired d-electrons of the Co2+ centre. The relaxation enhancement is dependent on the
distance between the Co2+ ion and the considered proton (1/T 1 ~d6). For instance, the
distances between the Co2+ ion and the para-protons in complex [Co(F3)2]2+ amount
≈ 4.9 Å. Their resonance signals are shifted to higher ﬁeld (δ = 14.34 and 10.42 ppm)
and evince T 1 relaxation times of 36 and 71 ms. In contrast, the resonance signals for
the meta-protons are found between 139  36 ppm with shorter T 1 relaxation times (6
 34 ms), due to the smaller distances to the Co2+ ion (≈ 4.2  4.5 Å).
Complexes [Co(L)2]3+ (L = F1, F3) show a diamagnetic behaviour at ambient temper-
ature revealing a d6 LS conﬁguration at cobalt, thus indicating metal-based oxidation
Co2+ → Co3+. An alternative ligand-centred oxidation which was recently shown to pre-
vail at high temperature for a very similar Tara-decorated complex [Co2+(F4)(F4+•)]3+
(F4: N,N -bis(4-methoxyphenyl)-6-(1,10-phenanthrolin-2-yl)pyridin-2-amine), yields
open-shell ligand-radical complexes with d7 HS conﬁguration at cobalt. [280] Aromatic
proton resonances in [Co(L)2]3+ (L = F1, F3) are found between 9.2 and 5.4 ppm (Fig-
ures F19-SI andF20-SI) and exhibit the expected multiplicities. T 1 relaxation times are
longer (T 1 > 160 ms) than in their Co2+ congeners as a result of the closed-shell metal
centre. It must be noted that T 1 times are strongly inﬂuenced by Co2+ impurities, even
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if the sample only contains small traces (< 0.1 %). Hence, the T 1 values of the Co3+
complexes diﬀer among one another. As distinguished from the broad lines of the Co2+
complexes, a doubled set of very sharp resonances is recorded for the diastereotopic N-
Aryl2 protons in the 1H NMR spectra of the Co3+ complexes. Obviously, the rotation of
the N-Aryl2 groups is eﬀectively hindered in the Co3+ complexes. As XRD studies of the
solid-state structures reveal (vide infra), this is due to enhanced steric clash owing to the
contracted CoN bonds in the oxidised state. Interestingly, some of the N(Aryl)2-borne
resonances are shifted to signiﬁcantly higher ﬁeld upon coordination of L to the strong
Lewis acid Co3+. This site-selective up-ﬁeld shift contrasts the coordination-induced
low-ﬁeld shift which prevails otherwise (also in isomorphic [Zn(F3)2]2+, Figure F18-SI),
pointing to ring-current eﬀects via secondary pi-pi contacts of remote ligand moieties in
solution. Such contacts are pervasive in the structures of [Co(F3)2]2+ and [Co(F1)2]3+ in
the solid-state and in the DFT-optimised structures of [Co(F1)2]2+/3+ and [Zn(F1)2]2+
(vide infra).
Single crystals of [Co(F3)2]2+ and [Co(F1)2]3+ suitable for X-ray analyses were grown
at ambient temperature by slow diﬀusion of diethyl ether into an acetonitrile solution
containing the respective cobalt complex. [Co(F3)2]2+ crystallises in the orthorhombic
space group Pbca and a distorted octahedral coordination sphere is observed. The two
ligands F3 surround the metal ion in a bis-meridional arrangement. The CoN bond
lengths range between 2.197  2.043 Å supporting the HS conﬁguration S = 3/2 of the
metal. [218,244] This assignment is corroborated by the close match of DFT-metrical data
derived for the quartet state in [Co(F1)2]2+ (Table F1). It can be safely assumed that
Me/OMe mutation of the remote residue R in N(Aryl-R)2 has no impact on the metrics
of the inner coordination core. LS formulations with S = 1/2 (Table F1) are ruled out
as they are prone to severe CoN bond-length anisotropy due to orbit-degeneracy (Jahn-
Teller theorem). [277]
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Table F1 Pertinent computed details of geometric and electronic structure of Co2+/3+ complexes of F1 (XRD-derived data
in italics).a t = terminal, c = central, R = residue N(Aryl)2, ' = N donor located at other ligand.
Complex 2[Co2+(F1)2]2+ 4[Co2+(F1)2]2+ 1[Co3+(F1)2]3+ 3[Co2+(F1)(F1+•)]3+ 5[Co2+(F1)(F1+•)]3+
Bond lengths [Å]
CoNt 2.054 2.204 (2.167 )b 1.977 (1.952 ) 2.035 2.195
CoNc 1.886 2.057 (2.043 )b 1.886 (1.871 ) 1.894 2.063
CoNt(R) 2.154 2.228 (2.190 )b 2.041 (2.027 ) 2.154 2.230
CoNt' 2.133 2.188 (2.184 )b 1.977 (1.952 ) 2.134 2.167
CoNc' 1.923 2.057 (2.043 )b 1.886 (1.871 ) 1.934 2.048
CoNt(R)' 2.331 2.265 (2.197 )b 2.042 (2.027 ) 2.346 2.316
Co· · ·N(Aryl)2 3.536 3.511 (3.403 )b 3.407 (3.390 ) 3.528 3.460
Co· · ·N(Aryl)2' 3.691 3.451 (3.413 )b 3.408 (3.390 ) 3.660 (1+•) 3.584 (1+•)
Angles [°]
NcCoNc' 172.7 164.9 (162.3 )b 169.2 (170.0 )b 171.1 165.7
NtCoNt(R) 160.3 151.8 (152.4 )b 163.0 (163.1 )b 159.9 150.2
Nt'CoNt(R)' 157.6 151.8 (152.4 )b 163.0 (163.1 )b 156.4 152.5
Distortion [°]
Σcis 105.9 135.6 75.9 106.2 134.8
Spin density
ρCo 0.95 2.73 0.00 0.96 2.74
a Optimisation at the B3LYP-D3/TZVP/COSMO(CH3CN) level of theory;
b experimental data for L = F3; i. e. R1/2 = OMe.
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Figure F1 Illustration of the molecular structure of (a) [Co2+(F3)2]2+ and (b)
[Co3+(F1)2]3+ in the solid-state. Hydrogen atoms, solvent molecules and counter ions
were omitted for clarity. Selected bond lengths [Å] and angles [°]: [Co2+(F3)2]2+:
Co1N1 2.167(3), Co1N2 2.043(3), Co1N3 2.190(3), Co1N5 2.184(3), Co1N6
2.043(3), Co1N7 2.197(3); N2Co1N6 162.27(10), N2Co1N1 76.41(10), N6Co1
N1 91.95(10), N2Co1N5 90.73(10), N6Co1N5 75.76(10), N1Co1N5 90.12(10),
N2Co1N3 76.57(10), N6Co1N3 115.59(10), N1Co1N3 152.44(10), N5Co1N3
95.56(10), N2Co1N7 116.79(10), N6Co1N7 76.90(10), N1Co1N7 94.42(10), N5
Co1N7 152.41(10), N3Co1N7 92.89(10); [Co3+(F1)2]3+: Co1N1/N1' 1.952(3),
Co1N2/N2' 1.871(3), Co1N3/N3' 2.027(3); N2Co1N2' 169.96(18), N2Co1N1'
90.92(11), N2'Co1N1' 81.87(12), N2Co1N1 81.87(12), N2'Co1N1 90.92(11),
N1'Co1N1 88.45(17), N2Co1N3 81.37(11), N2'Co1N3 105.95(11), N1'Co1N3
93.64(11), N1Co1N3 163.13(11), N2Co1N3' 105.94(11), N2'Co1N3' 81.37(11),
N1'Co1N3' 163.13(11), N1Co1N3' 93.64(11), N3Co1N3' 89.20(15).
As is generally observed in complexes of meridional ligands, [218,244,245] also in
[Co2+(F3)2]2+ the distances to the inner pyridyl donor nitrogen atoms are shorter (Co1
N2/N6: 2.043/2.043 Å) than the distances to the distal pyridyl donor nitrogen atoms.
Diﬀerent from C 2v-symmetric ligands, there is additional "left-right" anisotropy in
[Co2+(F3)2]2+ (XRD) and [Co2+(F1)2]2+ (DFT) (Co1N1/N5: 2.167/2.184 Å and Co1
N3/N7: 2.190/2.197 Å) with elongated CoN bonds corresponding to ortho-substituted
pyridine donors. Again these results echo observations made previously with related
Fe2+ complexes. Overall the CoN6 coordination sphere in [Co2+(F1/F3)2]2+ exhibits
signiﬁcant cis-angle distortion, which can be largely ascribed to the presence of the
bulky substituents. In particular, a value of Σcis = 135.6° as found for 4[Co2+(F1)2]2+
by DFT is remarkable. For instance, cis-angle distortion of parent 4[Co2+(tpy)2]2+ is
substantially smaller if computed on the same level of theory (Σcis = 121.6°, this work)
and in the solid-state ([Co(tpy)2](BF4)2; Σcis = 120.0° [277]). We note in passing that,
very recently, high degrees of cis-angle distortion have been associated with enhanced
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cooperativity in Co2+-SCO compounds in the crystal. [282] The non-coordinated N-atoms
of the Tara unit are positioned well within the sum of their van der Waals radii 3.403
Å (Co1· · ·N4) and 3.413 Å (Co1· · ·N8). [246,247] A Tara aryl group of each unit of L
undergoes co-planar pi-stacking with the terminal pyridine of the complementary ligand,
showing a centre-centre distance of 3.55 Å. The tpy-holding phenyl rings twist away
about 26.45  30.58° from the inner pyridine rings due to unfavourable steric interac-
tions between their ortho-protons.
[Co(F1)2]3+ crystallises in the tetragonal space group of P4n2 and features an octa-
hedral coordination sphere of [Co(F1)2]3+. cis-Angle distortion is signiﬁcantly smaller
than in the parent Co2+ complex. The CoN bond lengths take values between 1.871 
2.027 Å revealing the LS conﬁguration of the d6 conﬁgured Co3+. This assignment is cor-
roborated by DFT-derived metrics (Table F1). Open-shell triplet/quintet formulations
do not at all match the experimental data and do not comply with diamagnetic-type
NMR spectra. The depopulation of the anti-bonding orbitals due to metal-based ox-
idation yielding a Co3+ centre leads to shorter bond lengths between the Co and the
coordinating nitrogen atoms. [218,283,284] CoN bond contractions of ∆d = 0.215/0.232 Å,
0.163/0.170 Å and 0.172 Å apply to the distal donor nitrogen atoms N1/N1' and N3/N3'
and to the central donor nitrogen atoms N2/N2', respectively. As seen in the Co2+ case
the presence of the bulky Tara units interferes with isotropic contraction. The overall
shorter CoN bond lengths result in shorter distances between the Co and the Tara-N
atoms N4 and N4' with 3.390 Å in [Co(F1)2]3+. The torsion angle between the phenyl
group and the inner pyridine ring in [Co(F1)2]3+ amounts to 11.24 and 11.59°.
Cyclic Voltammetry
We have recently shown that the order of metal- and ligand-based oxidation events in
Tara-decorated Co2+ complexes may be altered through medium and temperature ef-
fects, provided that the connectivity of the two electrophores is favourable. [279] As an ex-
tension of this inquiry into the Co/Tara redox behaviour, cyclic and square wave voltam-
mograms (CVs and SWVs) were recorded of the complexes [Co(L)2]2+ (L = F1F3) and
[Zn(F3)2]2+ in acetonitrile (1 mM solution) with weakly-coordinating [
nBu4N][B(C6F5)4]
as supporting electrolyte [149,219] at 25 °C (Figure F3). All potentials are referenced to
the FcH/FcH+ redox couple. [220] Pertinent data listed in Table F2 emphasise the strong
dependence of the site of oxidation on subtle eﬀects of connectivity.
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Figure F2 CVs of a) [Co(F1)2](ClO4)2, b) [Co(F2)2](ClO4)2, c) [Co(F3)2](ClO4)2 and
d) [Zn(F3)2](ClO4)2 in acetonitrile solutions. Measurement conditions: 1 mmol L−1
analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan rate 100 mV
s−1, 25 °C.
The CVs of complexes [Co(L)2](ClO4)2 (L = F1F3) all show one chemically reversible
redox event around 420 mV which is assigned to the Co2+/3+ redox process. It is noted
that the above-cited complexes with ortho-appended O-Aryl-N(Aryl)2 exhibit a some-
what stabilised Co3+ state in CH3CN solution, with potentials around 290 mV. By con-
trast, congeners with a phen-pyr (phen = 1,10-phenanthroline, pyr = pyridine) merid-
ian [280] substituting for the tpy-scaﬀold of [Co(L)2](ClO4)2 (this work) exhibit even far-
ther anodic shifts of the Co2+/3+ couple by >200 mV. Overall the Tara-appended systems
studied that far prove substantially harder to be oxidised than the parent [Co(tpy)2]2+
with its Co2+/3+ couple located at E 01' = 0.13 V.
[285] Clearly the presence of the Tara
residues, irrespective of the connectivity, strongly destabilises the Co3+ state. We refer
the latter eﬀect to the steric bulk of the Tara groups rather than to electronic factors.
This conclusion is corroborated by electronic structure calculations (vide infra). The
Co2+/3+ redox processes exhibit large peak-to-peak separations (∆E p ≈ 150 mV). Sim-
ilar observations have been made previously in electrochemical studies of the Co2+/3+
redox couple and have been ascribed to the signiﬁcant inner reorganisation, or more
precisely, the spin state change of the metal. The quite substantial spin state dependent
metrical changes through the transition HS-Co2+ → LS-Co3+ can be read from Table
F1. [94,147,248] There is little inﬂuence on the Co2+/3+ redox potential in the variation of the
para-substituents of the Taras (E 01'(Co
2+/3+) = 432, 420, 420 mV for [Co2+/3+(L)2]2+/3+,
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L = F1F3). By contrast, a much larger variation in the potentials of ∆E 01' = 100 mV
prevails in the analogous phen-pyr-derived substitution series, [280] in spite of the con-
served immediate vicinity of the cobalt in either case.
A second oxidation event is recorded at more positive potentials, which is associated
with the Taras-centred redox chemistry. Again compared to the ortho-appended O-Aryl-
N(Aryl)2 systems, Tara oxidation in [Co(L)2]3+ is shifted anodically by ca. 500 mV. In
the case of [Co(F1)2](ClO4)2 the oxidation process of the Tara is irreversible with an
onset potential of 1050 mV. The Tara-centred redox processes in [Co(L)2](ClO4)2 (L
= F2, F3) become chemically reversible with the introduction of the methoxy groups
and are shifted to less positive potentials reﬂecting the electron-donating character of
the trans-substituents within this series. In both latter complexes the CVs exhibit two
closely spaced but overlapping redox events for the oxidation of both Tara units. The
same behaviour is observed in the CV of [Zn(F3)2](ClO4)2. Peak splitting is due to
the electrostatic repulsion within the molecule. In order to extract the redox potentials
(E 02,3') and the diﬀerences of the oxidation and the reduction peaks (∆E p) of the Taras in
[Co(F2,F3)2](ClO4)2 and [Zn(F3)2](ClO4)2, deconvolution of the SWVs was performed
(Figure F2-SI), giving the values E 02'(Tara
1-N0/+•) = 955 mV, E 03'(Tara
2-N0/+•) = 1055
mV for [Co(F2)2](ClO4)2, E 02'(Tara
1-N0/+•) = 910 mV, E 03'(Tara
2-N0/+•) = 1000 mV
for [Co(F3)2](ClO4)2 and E 02'(Tara
1-N0/+•) = 650 mV, E 03'(Tara
2-N0/+•) = 770 mV for
[Zn(F3)2](ClO4)2. The Tara redox potentials of [Co(F3)2](ClO4)2 are anodically shifted
by ≈ 250 mV relative to [Zn(F3)2](ClO4)2. We ascribe this ﬁnding to the substantial
repulsion within the highly charged [Co3+(F3+•)2]5+ complex.
Table F2 CV data for [Co(F1F3)2](ClO4)2 and [Zn(F3)2](ClO4)2 in CH3CN. E 0' =
Formal potential, ∆E p = diﬀerence between the oxidation and reduction peak, Tara =
triaryl amine. Measurement conditions: 1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1
mmol L−1) as supporting electrolyte, scan rate 100 mV s−1, glassy carbon electrode, 25
°C.
E
0
1' ∆Ep E
0
2' ∆Ep E
0
3' ∆Ep
Complex (Co2+/3+) (Co2+/3+) Tara1-N0/+• Tara1-N0/+• Tara2-N0/+• Tara1-N0/+•
[mV] [mV] [mV] [mV] [mV] [mV]
[Co(F1)2](ClO4)2 432 154 > 1050a   
[Co(F2)2](ClO4)2 420 140 955b 150b 1055b 150b
[Co(F3)2](ClO4)2 420 150 910c 90b 1000c 90b
[Zn(F3)2](ClO4)2   650c 95b 770c 95 b
a Onset potential given for irreversible redox process. b Received by deconvolution of the square
wave voltammetry data. c Received from square wave voltammetry measurements.
110
Chapter F
For redox couples of metal ions Mn+/Mm+ (m > n, n > 0), the formal potentials usually
shift cathodically with an increase in permittivity or Lewis basicity of solvents and vice
versa. [152] This eﬀect is least pronounced in neutral and singly-charged redox couples
but gains importance in the present case of 2+/3+ charged cations. Thus, the CVs
of [Co(L)2](ClO4)2 (L = F1F3) were once again recorded in the more polar solvent
propylene carbonate (PC) (Figure F3-SI). The Co2+/3+ redox processes are shifted ca-
thodically by about 50  70 mV in all three complexes of [Co(L)2](ClO4)2 (E 01'(Co
2+/3+)
= 365, 379, 378 mV) as compared to the situation in CH3CN (Table F1-SI). Diﬀerent
from the situation in acetonitrile all Tara-centred redox processes of [Co(L)2](ClO4)2 (L
= F1F3) are chemically reversible in PC. The peak-to-peak separation for the Co2+/3+
redox process increases within the series of [Co(L)2](ClO4)2 (∆E p = 164, 172 and 224
mV) (L = F1F3). The recurrent presence of two separated but merged redox events
for the Tara-centred redox processes again indicates electronic interaction and electro-
static repulsion within the highly charged cations [Co3+(L+•)2]5+ (L = F1F3). The
E 02,3' and ∆E p values were obtained by deconvolution of the SWV experimental data
(Figure F4-SI). Similar to the Co2+/3+ redox process the Tara-centred redox processes
are shifted cathodically about 30  60 mV with respect to measurements in CH3CN.
The cyclic voltammetry studies for [Co(F3)2](ClO4)2 was rerun in the less polar solvent
dichloromethane (Figure F5-SI). Two individual chemically reversible redox events can
be observed. The ﬁrst redox process occurs at more anodic potential (E 01' = 570 mV)
whereas the second redox process shows a similar formal potential (E 02' = 905 mV) as
in CH3CN and PC. The peak-to-peak separations with ∆E p1 = 170 mV and ∆E p2 =
200 mV are the highest values within these electrochemical measurements indicating a
more hindered electron transfer in CH2Cl2. An assignment of the redox processes to a
Co- or Tara-centred redox event is not possible solely from this data. Further discussion
subsumes results of a UV/vis-NIR spectroelectrochemical investigation and DFT-based
analysis of electronic structure (vide infra).
Electronic Structure Calculations
The introduction of the bulky Tara residues to the tpy-scaﬀold aﬀects numerous aspects
of geometric and electronic structure of the corresponding Co2+/3+ complexes. Compared
with [Co(tpy)2]2+ the increased cis-angle distortion of the CoN6 core in [Co(F1)2]2+
(DFT and XRD) goes along with a strongly destabilised LS state, most probably as a
result of steric clash in the more condensed LS state. In consequence [Co(F1)2]2+ is a
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clear HS compound, whereas [Co(tpy)2]2+ undergoes thermal SCO (Figure F21-SI, Ta-
ble F3-SI). The strongly hindered electrochemical oxidation [Co(F1)2]2+ → [Co(F1)2]3+
may be similarly read as a secondary result of steric clash in the more contracted
CoN6 sphere of Co3+. Accordingly bond-length anisotropy is large among the distal
N-donors (∆d(CoN) = 10 pm) in [Co(F1)2]3+ whereas identical bond lengths pertain
in [Co(tpy)2]3+. In addition angular distortion diﬀers, Σcis([Co(F1)2]3+) = 75.9° > 66.9°
= Σcis([Co(tpy)2]3+). We were intrigued by the question, how far the eﬀects of steric
bulk will be accompanied by electronic eﬀects, reﬂecting both the donor-character and
the bulkiness of the Tara residues. DFT computations allowed a detailed insight into the
electronic structure of the Co2+/3+ complexes of F1, covering the spin state preferences,
the spin density distribution and the nature of the optical transitions. To this end,
the energy and character of the frontier orbitals of the doublet and quartet states (for
[Co(L)2]2+; L = tpy, F1) and of the singlet, triplet and quintet states (for [Co(L)2]3+;
L = tpy, F1) have been analysed on the B3LYP-D3/TZVP/COSMO(CH3CN) level of
theory. All results are discussed in the light of the parent system [Co(tpy)2]2+/3+, which
is used as a reference throughout.
In terms of ligand-ﬁeld theory (LFT) the HS and LS states of Co2+ are characterised by
electron conﬁgurations t52ge
2
g and t
6
2ge
1
g, respectively. In more holistic approaches, which
take into account reduced orbital degeneracy, the ligand orbitals are treated explicitly
and superimpose this simplistic "metal-only" picture. Nevertheless, the frontier orbitals
of both spin states of [Co(tpy)2]2+ largely conserve the LFT picture of metal-borne pro-
cesses (Scheme F3-SI). Unpaired spin density resides almost exclusively on the metal;
the α-HOMO and α-HOMO1 in the HS quartet state are identiﬁed as σ-antibonding
orbitals of substantial metal-d character, i.e. d1z2 and d
1
x2−y2, respectively. In the Jahn-
Teller distorted LS doublet state, the α-HOMO is identiﬁed as the σ-antibonding d1z2
orbital. While the two highest α-orbitals are close to degenerate in the HS state (∆E <
0.23 eV), the highest α-orbital of the LS state is well isolated from lower lying orbitals
(∆E < 0.95 eV). Oxidation is expected to be metal-centred, as is found experimentally.
Irrespective of the spin state, the virtual frontier α-orbitals are ligand-based with α-
HOMO-LUMO gaps of 4.11 eV and 3.18 eV for the HS and the LS state, respectively.
Notably, the α-HOMO-LUMO gap is substantially reduced in the HS state of [Co(F1)2]2+,
yielding a value of only 2.90 eV (Scheme F2-SI). The contracted frontier molecular or-
bital scheme is clearly due to the insertion of additional ﬁlled orbitals, which are absent
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in the tpy-derived complex. A pseudo-degenerate pair of Tara-centred ligand orbitals
marks the high-energy limits. Well below this ligand double feature, σ-antibonding d1z2
deﬁnes the highest orbital of metal character. Despite this energy order, the high com-
puted Co spin density ρCo of 2.74 clearly identiﬁes the species as a HS cobaltous d7
species without signiﬁcant ligand contributions. Actually the two main electrophores in
[Co(F1)2]2+, namely the Co2+ and the Tara(s) appear electronically largely uncoupled;
the energy levels of the Co-located orbitals in [Co(F1)2]2+ nicely match the values seen
in [Co(tpy)2]2+. Diﬀerent from [Co(tpy)2]2+, however, the LS state of [Co(F1)2]2+ can-
not be electronically deﬁned without ambiguity . Three close-lying orbitals qualify as
the α-HOMO (∆E < 0.2 eV), which derive (mainly) from two Tara-based ligand orbitals
and one metal orbital d1z2. The actual order within this set may be well aﬀected by the
details of the computational settings. Clearly diﬀerent from [Co(tpy)2]2+, the locality of
the electrochemical oxidation is suggested by DFT to be Tara-centred in [Co(F1)2]2+,
when starting from the HS ground state species. As the experiment rules out an open-
shell formulation of the oxidation product, massive secondary electron reorganisation
necessarily takes place upon initial oxidation. This pathway supports the previously
observed mediator eﬀect of the Taras concerning the Co2+/3+ redox process. [215,279,280]
As an alternative, a HS to LS SCO step may be invoked prior to oxidation, equilibrat-
ing the energy levels of the ligand and metal donors. Such way, post-oxidative electron
rearrangements will be minimised. However, the high energy needed to populate the LS
state renders this option less probable.
Irrespective of the latter ambiguity, the relaxed oxidation product is identiﬁed by DFT as
a low spin d6 conﬁgured Co3+ complex in both, [Co(F1)2]3+ and [Co(tpy)2]3+. Relevant
sections of the frontier orbital diagrams of both Co3+ singlet complexes are shown in
Scheme F3. They reveal signiﬁcant quantitative and qualitative diﬀerences. First, the
HOMO-LUMO gap in [Co(F1)2]3+ is substantially smaller than in parent [Co(tpy)2]3+.
Accordingly, red-shifted optical transitions should prevail in [Co(F1)2]3+ as is found
experimentally (vide infra). Secondly, the energy of the virtual orbital block remains
largely unaﬀected through substitution, whereas the energy levels of the ﬁlled orbitals
diﬀer substantially in one speciﬁc point (blue boxes in Scheme F3). In [Co(tpy)2]3+ an
almost degenerate pair of tpy ligand orbitals deﬁnes the highest occupied orbitals (EDFT
≈ 8 eV). Analogous orbitals are only slightly destabilised in [Co(F1)2]3+ (EDFT ≈ 7.5
eV), but they do not mark the HOMOs. As we had seen in the Co2+ complex, two
almost degenerate Tara-based orbitals deﬁne the HOMOs at EDFT ≈ 6.0 eV. That is,
113
Chapter F
the HOMO-LUMO transitions in [Co(tpy)2]3+ and [Co(F1)2]3+ are predicted to diﬀer in
quantitative terms (excitation energy), but they also should diﬀer qualitatively. While
the former transition takes on ligand-borne (tpy) pi-pi∗ character, the latter takes on
ligand (Tara) to metal charge transfer character. It is noted that a metal-centred virtual
acceptor orbital resides only slightly above the LUMO in [Co(tpy)2]3+; transitions of
mixed tpy-based pi-pi∗ and tpy-cobalt charge transfer character must be anticipated, as
is corroborated by TD-DFT analysis.
Scheme F3 Frontier orbital diagrams of [Co(tpy)2]3+ (left) and [Co(F1)2]3+ (right) with
illustrations of the HOMOs and LUMOs (blue boxes denote populated orbitals).
The open-shell alternatives of what are only nominally Co3+ complexes reside at much
higher ([Co(tpy)2]3+) and moderately higher energy ([Co(F1)2]3+). Electronic structure
analysis clearly reveals the triplet (∆E ST = 128.9 kJ mol−1) and quintet (∆E SQ =
187.8 kJ mol−1) states of [Co(tpy)2]3+ to be excited ligand-ﬁeld states with the unpaired
spin density residing exclusively on the metal with conﬁgurations t52ge
1
g and t
4
2ge
2
g (some
delocalisation to the ligated N atoms prevails). The situation is completely diﬀerent
in [Co(F1)2]3+, where the triplet and quintet formulations reveal only partial spin lo-
calisation on the metal; ρCo = 0.96 and ρCo = 2.74 for the triplet and quintet state,
respectively (the complementary spin is delocalised on one of the Tara moieties with
large contributions of the Tara-N atom; Figure F3).
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Figure F3 Mulliken spin density plots of triplet (left) and quintet (right) states of
[Co(F1)2]3+
In consequence, the open-shell formulations of [Co(F1)2]3+ are interpreted as LMCT
states, which couple ferromagnetically among a ligand radical and a LS d7 or a HS d7
cobalt centre (∆E ST = 40.4 kJ mol−1 and ∆E SQ = 28.7 kJ mol−1). This assignment
is corroborated through comparison with metrical data of the corresponding Co2+ com-
plexes (Table F1). There is actually a very close match of the doublet structures of the
reduced and the triplet structures of the oxidised complex. The same holds true for
the structures of 4[Co2+(F1)2]2+ and 5[Co2+(F1)(F1+•)]3+, which involves diﬀerential
metrics, angular distortion and the computed spin density. That is, spin transition in
oxidised [Co(F1)2]3+ is not limited to the metal centre but involves one non-innocent
Tara ligand:
1[Co3+(F1)2]3+ 
 3[Co2+(F1)(F1+•)]3+ 
 5[Co2+(F1)(F1+•)]3+
In principle, thermally induced or photo-initiated may be considered to shuttle among
the electronic states. However, the rather large computed transition energies refute tran-
sitions via thermal agitation. On the other hand, photo-excitation proved unsuccessful
as well. Preliminary work with pulsed excitation and nanosecond-time resolution in-
dicated the intermediacy of excited states which are too short-lived even at 30 °C to
allow thorough discussion. Here future work will utilise picosecond-resolved protocols.
Nevertheless, the introduction of Tara to the ligand backbone in [Co(F1)2]3+ clearly
aﬀects the electronic structure through concomitant introduction of potent donor states
unavailable to [Co(tpy)2]3+.
The failure of [Co(F1)2]3+ to undergo thermal spin transition must be sought in the
involvement of a Tara-based aryl function in the coordination of the Co3+ centre (Co-
pyr-N(Aryl)2), which necessarily diminishes the electron donor potential of Tara. Ligand
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topologies with intact Tara (i.e., Co-pyr-O-Aryl-N(Aryl)2) thus should allow for ther-
mally induced spin state shuttling. As we have recently shown, [279] thermal cycling
among closed- and open-shell formulations of a nominal Co3+ system is indeed possible.
Optical spectroscopy suggested ligand non-innocence in the open-shell state at elevated
temperature (the electronic state could not be speciﬁed in the cited work), whereas spin
pairing prevailed at low temperature. Electronic structure analysis of singlet [Co(F5)2]3+
(F5: 4-((6-(1,10-phenanthrolin-2-yl)pyridin-2-yl)oxy)-N,N -di-p-tolylaniline) actually re-
veals further destabilised Tara-based HOMO levels, yielding a HOMO-LUMO gap of
only 1.5 eV (Scheme F4-SI). Akin to triplet and quintet [Co(F1)2]3+ also the open-shell
formulations of [Co(F5)2]3+ derive from ligand oxidation with d7 conﬁguration on the
metal. Diﬀerent from [Co(F1)2]3+, however, the triplet state in [Co(F5)2]3+, which may
be discussed in terms of [LS-Co2+(F5)(F5+•)]3+ is much more stable than the quintet
state. The latter is found to combine Tara LMCT and Tara→tpy LL'CT character
simultaneously, [LS-Co2+(F5)(F5+•)]3+; owing to its "doubly-excited" character it re-
sides at very high energy. By contrast a negative value of ∆E ST = 10.4 kJ mol−1
for the singlet-triplet gap even indicates an (apparent) assignment of [Co(F5)2]3+ as a
triplet ground state. Although we note that this is an artefact of the B3LYP functional
which tends to overestimate the stability of higher spin states, the diminished energy
diﬀerence clearly should allow for smooth thermal transitions. This was indeed observed
experimentally.
UV/vis-NIR Spectroelectrochemical Measurements
The UV/vis spectra of the bivalent complexes [Co(L)2](ClO4)2 (L = F1F3) are dom-
inated by an intense absorption band at around λ = 290 nm which is attributed to
a ligand-centred pi-pi∗ transition and is a characteristic feature of polypyridyl com-
plexes. [167,224,225] Additionally, neutral Taras exhibit absorptions around λ= 300 nm. [170,171]
A second set of signiﬁcant but less intense absorptions in the vis region at around λ = 415
nm (max = 8000 L mol−1 cm−1) is attributed to an intraligand charge transfer (ILCT)
from the diaryl amine unit to the pyridine moieties. [207,251255,280] Cobalt complexes de-
riving from native tpy lack of intense transitions in this spectral region. [160,286] The
assignment is corroborated by TD-DFT analysis of [Co(F1)2]2+, which predicts a single
intense transition at λ = 463 nm, which actually exhibits ILCT character. Similar spec-
tra have been recorded for a number of Co2+ complexes of tpy or phen-pyr scaﬀolds with
appended Tara moieties. [215,279,280] These latter transitions are expected to be susceptible
towards oxidation events at the two redox centres Co2+/3+ and Tara0/+ in the complexes
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[Co(L)2](ClO4)2 (L = F1F3). The corresponding UV/vis-NIR spectroelectrochemical
measurements of [Co(L)2](ClO4)2 (2 mM) fully support this notion. Experiments have
been performed in anhydrous acetonitrile with [nBu4N][B(C6F5)4] (100 mM) as support-
ing electrolyte in an optically transparent thin-layer electrochemistry (OTTLE) cell. [226]
In situ oxidation of complexes [Co(L)2]2+ to [Co(L)2]3+ (L = F1F3) within the po-
tential window 0.3 V < E < 1.1 V leads to signiﬁcant spectral evolution across the
entire near-UV/vis-NIR regime. An additional spectrum was recorded after the series of
measurements at E = 0.3 V which proves the reversibility of the oxidation/reduction
cycle in [Co(L)2](ClO4)2 (L = F1F3).
Figure F5 highlights the results obtained upon oxidation of [Co(F1)2]2+; qualitatively
similar observations hold true for the other complexes also (Table F3). Two narrow bands
appear in the near-UV at λ = 300 and 360 nm that are overall red-shifted with respect
to the corresponding feature in the native Co2+ complexes. We associate these reso-
nances with the aforementioned ligand-centred pi-pi∗-like transitions with the red-shift
caused by the increased positive charge. Probably the most diagnostic oxidation-related
spectral evolution concerns the vis region. Concomitant with Co2+ oxidation the diag-
nostic ILCT pattern at 410 nm is progressively bleached. While this is unexceptional
for the Co2+ → Co3+ transition, the emerging broad and slightly more intense absorp-
tion band centred at 480 nm is absent in the spectra of the native [Co(tpy)2]3+ system,
both in experiment [287] and theory (a substantially less intense transition is predicted at
423 nm on the B3LYP-D3/TZVP/COSMO(CH3CN) level of theory; this work). Molar
absorption coeﬃcients  > 4000 M−1 cm−1 suggest these bands to be of CT charac-
ter, involving the Tara substituent. TD-DFT computation of the optical spectrum of
[Co3+(F1)2]3+ on the BLYP-D3/TZVP/COSMO(CH3CN) level of theory corroborates
this notion. Alluding to the computational results, the diagnostic feature centred at 480
nm is a convolute of several transitions of signiﬁcant oscillator strength between 460 nm
< λ < 650 nm. Some of these transitions comprise CT from the Tara moieties to the
tpy ligands, with both the donor orbitals (Tara) and the acceptor orbitals (tpy-centred
with metal contributions) being of pi-symmetry (Figure F4, transition 24), suggestive of
a classiﬁcation as a pi-pi∗ ligand-ligand CT, LLCT. TD-DFT predicts these transitions
to be convoluted with pure dd-like ligand-ﬁeld transitions (not shown). Ligand (Tara)
to metal transitions (Figure F4, transitions 18 and 2) feature prominently in the NIR
region, where they become isolated from other transitions. Actually, the lowest-energy
transitions, predicted with moderate intensity at λ = 790 and 745 nm correspond to
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the HOMO→LUMO and HOMO1→LUMO transitions respectively, employing close-
to-degenerate donor orbitals.
Figure F4 TD-DFT derived diﬀerence densities of selected vis-NIR transitions in
[Co(F1)2]3+ (green: source; red: sink); left: LL'CT transition 24; centre: LMCT transi-
tion 18; right: LMCT transition 2.
Indeed, broad and rather weak features emerge in the NIR region upon oxidation of the
Co2+ precursors. Absorption coeﬃcients in the range of 200 <  [L mol−1 cm−1] < 300
echo the small oscillator strengths deriving from TD-DFT and support an interpretation
in terms of CT transitions involving the Tara and Co3+. The λmax value for this CT
band amounts to 720 nm in [Co(F1)2]3+ and is slightly shifted bathochromically to 735
nm in [Co(F2)2]3+ (Figure F6-SI). For complex [Co(F3)2]3+ the determination of the
maximum of the CT band is diﬃcult because it is partly covered by an additional weak
band (Figure F7-SI). The origin of this additional band is attributed to the incipient
electrochemical formation of a Tara+• radical which shows characteristic absorptions at
600  800 nm. [170,171] Deconvolution of the maximum in complexes [Co(L)2]3+ (L = F1
F3) revealed two Gaussian-shaped absorption bands which both are assigned to the Tara
→ Co3+ CT transition (Figure F5 and Figures F6-SI, F7-SI). The physical parameters of
the Tara → Co3+ CT bands (transition energy νmax, full-width at half-maximum ∆ν1/2
and molar absorption coeﬃcient max) of in situ generated [Co3+(L)2]3+ (L = F1F3)
at 1.1 V are summarised in Table F3. The bathochromic shift of the Tara → Co3+ CT
bands within the series of [Co(L)2]3+ (L = F1F3) parallels the increasing electron-
releasing character of the Tara substituents. In comparison with the germane phen-pyr
Co complexes the Tara → Co3+ CT bands of [Co(L)2]3+ (L = F1, F2) are shifted to
higher energies (∆ν ≤ 1500 cm−1). [280] This parallels the higher gap between the redox
potentials of the Co2+/3+ and Tara0/+ redox processes in [Co(L)2]3+ (L = F1, F2).
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Figure F5 [left] UV/vis-NIR spectra of [Co(F1)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The inset shows the absorption of the Tara → Co3+ CT band.
The black dotted line is recorded after the series of measurements at 0.3 V to prove
the reversibility of the red spectrum. Measurement conditions: 2 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C. [right] Deconvolution
of the NIR absorption (blue  experimental, black  deconvoluted) of in situ generated
[Co3+(F1)2]3+ at 1.1 V using three Gaussian-shaped functions (dashed lines).
As previously shown for analogous Tara-substituted phen-pyr Co complexes, the Tara→
Co3+ CT bands are well aﬀected by the solvents used. [280] The solvatochromic behaviour
is also expected for [Co(L)2]2+ and the spectroelectrochemical measurements were re-
peated for L = F3 in PC and CH2Cl2 (Figures F8-SI and F9-SI). In PC, the maxima of
the Tara → Co3+ CT absorption bands of in situ generated [Co3+(F3)2]3+ are shifted
only 50 cm−1 hypsochromically compared to the situation in CH3CN (Table F3). In con-
trast, the excitation from the [Co3+(F3)2]3+ to the open-shell [Co2+(F3)(F3+•)]3+ state
requires less energy in CH2Cl2. This leads to a bathochromic shift of νmax of the Tara
→ Co3+ CT bands. The results obtained by deconvolution of the absorption maximum
revealed a red shift of ∆ν = 550  950 cm−1 in CH2Cl2. The appearance of the Tara
→ Co3+ CT band in CH2Cl2 eventually clariﬁes the order of oxidation steps observed in
the CV (E 01'(Co
2+/3+) = 570 mV, E 02'(Tara
0/+) = 905 mV). The physical parameter of
the Tara→ Co3+ CT bands of in situ generated [Co3+(L)2]3+ (L = F1, F3) (Table F3)
are a fairly good match with the values obtained for the isolated Co3+ complexes from
bulk synthesis (Table F2-SI).
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Table F3 NIR data received by deconvolution of the Tara → Co3+ CT bands of in situ
generated [Co3+(F1F3)2]3+ at 1.1 V in given solvents.
Tara → Co3+ CT 1 Tara → Co3+ CT 2
Complex Solvent νmax ∆ν1/2 max νmax ∆ν1/2 max
investigated [cm]−1 [cm]−1 [L mol−1 [cm]−1 [cm]−1 [L mol−1
cm−1] cm−1]
[Co3+(F1)2]
3+ CH3CN 13100 4200 252 16200 3900 227
[Co3+(F2)2]
3+ CH3CN 12200 4200 250 15200 4100 240
[Co3+(F3)2]
3+ CH3CN 11750 4200 278 14650 3800 315
[Co3+(F3)2]
3+ PC 11800 4300 245 14700 3600 220
[Co3+(F3)2]
3+ CH2Cl2 10800 4000 175 14100 3600 245
F3 Conclusions
Within this work, we have addressed the idea of competing redox-sites in metal com-
plexes through the combination of Co2+ and redox-active meridional N3 ligands. A series
of terpyridines F1F3 with integrated Tara moieties (F1F3 refer to para-substitution
of the Tara aryls with R1,2 = Me/Me, Me/OMe, and OMe/OMe, respectively) served
as the (potentially) non-innocent ligand providing ready access to a redox series of ho-
moleptic N6 coordinate complexes, [Co(L)2]2+ and [Co(L)2]3+ (L = F1F3). Crystal
structure analysis, solution NMR studies and DFT computational work on the Co2+
complexes congruently revealed a substantial eﬀect of substitution on the spin state.
Clearly diﬀerent from the parent system [Co(tpy)2]2+ which undergoes thermal SCO be-
low room temperature, the bulky Tara moieties in [Co(F1F3)2]2+ interfere with proper
ligand alignment leading to sharply destabilised LS states. However, cyclic voltammetry
revealed the Co2+/3+ redox processes to be clearly separated from the more anodic Tara-
centred redox processes in [Co(L)2](ClO4)2 (L = F1F3) in CH3CN solutions. Electrode
potential diﬀerences of the consecutive processes amount to 500  600 mV, indicating
vastly favoured metal-centred redox chemistry. Furthermore, results from stationary
optical spectroscopy and spectroelectrochemical observations corroborate this notion,
irrespective of the solvent polarity. While TD-DFT analyses of [Co(F1F3)2]3+ as-
sociate the diagnostic resonances in the vis regime with a convolution of Tara→tpy
LL'CT and dd ligand ﬁeld transitions of Co3+, weak bands in the NIR regime carry
Tara→Co3+ LMCT character. In consequence we ﬁnd that, although the steric clash
must be expected to further increase upon metal-based oxidation, crystal structures,
electron-spin silent NMR spectra and DFT analysis clearly identify the one-electron ox-
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idation products as a d6 conﬁgured diamagnetic Co3+ species. Intriguingly however, the
HOMO-LUMO gap of 2.4 eV in [Co(F1)2]3+ is already way smaller than the value of 4.2
eV found in parent [Co(tpy)2]3+; this reduction in the formal singlet-triplet promotion
energy mainly refers to high-lying Tara donor levels. It is noted that the HOMO-LUMO
gap is further decreased to only 1.5 eV in the related system [Co(F5)2]3+, which has been
recently shown to underlie a thermal equilibration among ligand- and metal-centred ox-
idation. [279] In keeping with this, both triplet and quintet open-shell formulations of
[Co(F1)2]3+ are only moderately destabilised with respect to the closed-shell singlet.
Further synthetic modiﬁcations on these Tara-substituted polypyridyl cobalt complexes
will therefore aim at elevating the Tara HOMO, e. g. through the introduction of more
and more strongly electron-releasing substituents. Hence, the equilibrium between the
open- and closed-shell formations (HS-Co2+/Tara+• 
 LS-Co3+/Tara0) will be more
easily accessible.
F4 Experimental
General Remarks
All reactions handling sensitive chemicals were carried out under an atmosphere of ar-
gon using standard Schlenk and cannula techniques. Anhydrous ethanol and anhy-
drous acetonitrile was purchased commercially from Acros Organics. Toluene was taken
from a solvent puriﬁcation system SPS-800 by MBraun. (E )-1-(6-Bromopyridin-2-yl)-3-
phenylprop-2-en-1-one [288] and 1-[2-oxo-2-(2-pyridinyl)ethyl]pyridinium iodide [289] were
synthesised as reported in the literature. All other chemicals were purchased from com-
mercial suppliers and were used without further puriﬁcation.
Instrumentation
NMR spectra were recorded with a Bruker Avance III 500 spectrometer including a
TopSpin 2.1 programme package for data acquisition. Chemical shifts are referenced
internally to the residual protons (d1-chloroform δ = 7.26 ppm, d3-acetonitrile δ = 1.94
ppm) and to the 13C NMR signal (d1-chloroform δ = 77.16 ppm) of the deuterated
solvent. Linewidths (LW ) were measured by ﬁtting to Lorentzian-shaped curve in the
TopSpin 2.1 package. The longitudinal relaxation times T 1 were obtained by the in-
version recovery method. Elemental analyses were performed using a Thermo FlashAE
1112 analyser. Mass spectra were recorded with a Bruker micrOTOF-QIIa mass spec-
trometer operating in ESI mode (ESI = electrospray ionisation).
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Electrochemical measurements on 1.0 mmol L−1 solutions of the analyte in anhydrous
acetonitrile, propylene carbonate and dichloromethane solutions containing 0.1 mol L−1
of [nBu4N][B(C6F5)4] as supporting electrolyte were conducted under an atmosphere
of argon at 25 °C utilising a Voltalab 10 electrochemical laboratory from Radiometer
Analytical. A three electrode cell, which utilised a Pt auxiliary electrode, a glassy car-
bon working electrode (3 mm diameter) and an Ag/Ag+ (0.01 M AgNO3) reference
electrode mounted on a Luggin capillary was used. The reference electrode was built
from a silver wire inserted into a solution of 0.01 mol L−1 [AgNO3] and 0.1 mol L−1
[nBu4N][B(C6F5)4] in acetonitrile, in a Luggin capillary with a Vycor tip. This Luggin
capillary was inserted into a second Luggin capillary with a Vycor tip ﬁlled with a 0.1
mol L−1 of [nBu4N][B(C6F5)4] in acetonitrile, propylene carbonate and dichloromethane,
respectively. [79,149,188,219,258,259] The working electrode was prepared by polishing on a
Buehler microcloth ﬁrst with a 1 µm and then with a 1
4
µm diamond paste before every
measurement. Successive experiments under same conditions showed that all formal
oxidation and reduction potentials were reproducible within ±5 mV. Experimental po-
tentials were referenced against an Ag/Ag+ reference electrode but results are presented
referenced against ferrocene (FcH/FcH+ couple = 220 mV vs. Ag/Ag+, ∆E p = 61 mV)
as an internal standard as required by IUPAC. [220,260,261] When decamethylferrocene [Fc∗
= Fe(η5-C5Me5)2] was used as an internal standard, the experimentally measured poten-
tial was converted into E vs. FcH/FcH+ (under our conditions Fc∗/Fc∗+ couple was at
513 mV vs. FcH/FcH+, ∆E p = 60 mV in acetonitrile and 492 mV vs. FcH/FcH+, ∆E p
= 62 mV in propylene carbonate). Data were then manipulated on a Microsoft Excel
worksheet to set the formal redox potentials of the FcH/FcH+ couple to E 0' = 0.000 V.
The cyclic voltammograms were taken after typical two scans and are considered to be
steady state cyclic voltammetry in which the signal pattern diﬀers not from the initial
sweep. [nBu4N][B(C6F5)4] was prepared by metathesis of Li[B(C6F5)4] ·nEt2O (Boulder
Scientiﬁc) with [nBu4N]Br according to the published procedure. [149]
The spectroelectrochemical UV/vis-NIR measurements of the complex (2 mM) were
performed in anhydrous acetonitrile, propylene carbonate and dichloromethane solu-
tions. [nBu4N][B(C6F5)4] (0.1 M) was used as supporting electrolyte. Measurements
were carried out in an OTTLE (= optically transparent thin-layer electrochemistry,
quartz windows for UV/vis-NIR) cell [226] with a Varian Cary 5000 spectrophotometer
at 25 °C. Between the spectroscopic measurements the applied potentials have been
increased step-wisely using step-heights of 0.25, 0.5, 0.1, 0.2 or 0.3 V. Afterwards the
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analyte was reduced at 0.3 V and an additional spectrum was recorded to prove the
reversibility of the oxidation.
UV/vis-NIR measurements were carried out on a Varian Cary 5000 spectrophotome-
ter at 25 °C. The respective Co3+ complex was dissolved in anhydrous acetonitrile,
dichloromethane or propylene carbonate (0.5 mM).
Crystals of [Co(F3)2](ClO4)2 and [Co(F1)2](ClO4)3 suitable for single crystal X-ray
analysis were grown by slow diﬀusion of diethyl ether into an acetonitrile solution of
the complex at ambient temperature. Data were collected with an Oxford Gemini S
diﬀractometer at 120 K using Mo Kα (λ = 0.71073 Å, [Co(F1)2](ClO4)3 or Cu Kα (λ
= 1.54184 Å; [Co(F3)2](ClO4)2) radiation. The structures were solved by direct meth-
ods and reﬁned by full-matrix least-squares procedures on F 2. [182] All non-hydrogen
atoms were reﬁned anisotropically and a riding model was employed in the treatment
of hydrogen atom positions. In case of [Co(F1)2](ClO4)3 the data set was treated with
the command SQUEEZE of the PLATON programme, [172] as several unreﬁned electron
density peaks could not be modelled reliably. The determined solvent-accessible voids
(SAV) amounts to 1295 Å3 with an electron count of 248 electrons per unit cell. These
values agree well with the assumption of 12 CH3CN packing solvent molecules (SAV ca.
1400 Å3, electron count = 264) or six Et2O packing solvent molecules (SAV ca. 1200
Å3, electron count = 252).
CCDC-1878816 ([Co(F3)2](ClO4)2) and 1878817 ([Co(F1)2](ClO4)3) contains the sup-
plementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
6-Bromo-4'-phenyl-2,2':6',2-terpyridine: [281] (E )-1-(6-Bromopyridin-2-yl)-3-phen-
ylprop-2-en-1-one (4.76 g, 16.58 mmol), 1-[2-oxo-2-(2-pyridinyl)ethyl]pyridinium iodide
(6.49 g, 19.89 mmol) and ammonium acetate (23.6 g, 0.31 mol) were dissolved in 60 mL
of anhydrous ethanol and reﬂuxed over night at 90 °C. The chilled reaction mixture was
centrifuged and washed twice with ethanol and once with diethyl ether. The precipitate
was recrystallised with ethanol and dichloromethane (4:1, v/v) and yielded 2.80 g of a
white solid (44 % based on (E )-1-(6-bromopyridin-2-yl)-3-phenylprop-2-en-1-one). 1H
NMR (500 MHz, CDCl3, 300 K): 8.72 (d, J = 1.7 Hz, 1H), 8.71 (ddd, J = 4.8, 1.7 0.9
Hz, 1H), 8.67 (d, J = 1.7 Hz, 1H), 8.60 (dd, J = 7.8, 0.9 Hz, 2H), 7.89  7.83 (m, 3H),
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7.70 (t, J = 7.8 Hz, 1H), 7.53  7.49 (m, 3H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H).
General Synthesis of F1F3: 6-Bromo-4'-phenyl-2,2':6',2-terpyridine (1 eq), the re-
spective diaryl amine (2.5 eq), [Pd2(dba)3] (2 mol-%), 1,1'-bis(diphenylphosphino)ferrocene
(dppf) (4 mol-%) and sodium-tert-butoxide (2.5 eq) were mixed in anhydrous toluene
and heated to 100 °C for 4 h. The reaction progress was monitored by 1H NMR spec-
troscopy. The chilled reaction mixture was hydrolysed with water and extracted with 2 x
50 mL of CH2Cl2. The combined organic phases were dried with Na2SO4 and the solvents
were evaporated to dryness. Puriﬁcation over SiO2 with a mixture of n-hexane/ethyl
acetate (95:5, 4:1, v/v) as eluent aﬀorded yellow solids.
4'-Phenyl-N,N -di-p-tolyl-[2,2':6',2-terpyridin]-6-amine (F1): According to the
general methodology described earlier, 6-bromo-4'-phenyl-2,2':6',2-terpyridine (190 mg,
0.49 mmol), di-p-tolylamine (242 mg, 1.23 mmol), [Pd2(dba)3] (9 mg, 2 mol-%), dppf
(11 mg, 4 mol-%) and sodium-tert-butoxide (115 mg, 1.23 mmol) were mixed in 10 mL
of anhydrous toluene. After appropriate work-up, 156 mg of the title compound could
be isolated as a yellow solid (63 % based on 6-bromo-4'-phenyl-2,2':6',2-terpyridine).
C35H28N4 (504.62 g mol−1): calcd. C 83.30, H 5.59, N 11.10; found C 83.48, H 5.55,
N 11.59. 1H NMR (500 MHz, CDCl3, 300 K): 8.72 (ddd, J = 4.8, 1.7, 0.8 Hz, 1H,
H 1), 8.70 (d, J = 1.7 Hz, 1H, H 5), 8.67 (d, J = 8.0 Hz, 1H, H 4), 8.40 (d, J = 1.8
Hz, 1H, H 6), 8.07 (d, J = 7.5 Hz, 1H, H 7), 7.87 (td, J = 7.7, 1.8 Hz, 1H, H 3), 7.77
(d, J = 8.2, 1.3 Hz, 2H, H 12), 7.59 (dd, J = 8.3, 7.5 Hz, 1H, H 8), 7.50  7.42 (m,
3H, H 13, H 14), 7.34 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H, H 2), 7.25 (d, J = 8.4 Hz, 4H,
H 10), 7.20 (d, J = 8.2 Hz, 4H, H 11), 6.74 (d, J = 8.3 Hz, 1H, H 9), 2.40 ppm (s, 6H,
methyl-H ). 13C NMR (125.80 MHz, CDCl3, 300 K): 158.01, 156.53, 153.76, 149.39,
149.08, 143.28, 138.36, 138.24, 137.08, 134.45, 129.92, 129.07, 128.92, 127.18, 126.95,
123.85, 121.60, 119.20, 118.13, 112.26, 111.92, 21.19 ppm. MS-ESI: 505.2329 ([M+H]+,
calcd. 505.2348); 527.2206 ([M+Na]+, calcd. 527.2212).
N -(4-Methoxyphenyl)-4'-phenyl-N -(p-tolyl)-[2,2':6',2-terpyridin]-6-amine
(F2): According to the general methodology described earlier, 6-bromo-4'-phenyl-
2,2':6',2-terpyridine (500 mg, 1.3 mmol), 4-methoxy-N -(p-tolyl)aniline (690 mg, 3.2
mmol), [Pd2(dba)3] (24 mg, 2 mol-%), dppf (29 mg, 4 mol-%) and sodium-tert-butoxide
(308 mg, 3.2 mmol) were mixed in 30 mL of anhydrous toluene. After appropriate work-
up, 358 mg of the title compound could be isolated as a yellow solid (53 % based on
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6-bromo-4'-phenyl-2,2':6',2-terpyridine). C35H28N4O (520.62 g mol−1): calcd. C 80.74,
H 5.42, N 10.76; found C 80.83, H 5.66, N 10.99. 1H NMR (500 MHz, CDCl3, 300
K): 8.72  8.70 (m, 1H, H 1), 8.69 (d, J = 1.8 Hz, 1H, H 5), 8.66 (d, J = 8.0 Hz, 1H,
H 4), 8.41 (d, J = 1.8 Hz, 1H, H 6), 8.06 (d, J = 7.4 Hz, 1H, H 7), 7.86 (td, J = 7.8,
1.8 Hz, 1H, H 3), 7.77 (dd, J = 5.2, 3.3 Hz, 2H, H 12), 7.58 (dd, J = 8.2, 7.5 Hz, 1H,
H 8), 7.50  7.41 (m, 3H, H 13, H 14), 7.33 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H, H 2), 7.29 (d,
J = 8.9 Hz, 2H, Anisyl-H 10), 7.26 (d, J = 8.3 Hz, 2H, Tolyl-H 10), 7.19 (d, J = 8.1 Hz,
2H, Tolyl-H 11), 6.95 (d, J = 8.9 Hz, 2H, Anisyl-H 11), 6.70 (d, J = 8.3 Hz, 1H, H 9),
3.85 (s, 3H, methoxy-H ), 2.40 ppm (s, 3H, methyl-H ). 13C NMR (125.80 MHz, CDCl3,
300 K): 158.19, 157.26, 156.58, 153.78, 149.41, 149.12, 143.38, 138.85, 138.44, 138.21,
137.01, 134.23, 129.83, 129.07, 128.96, 128.84, 127.18, 126.63, 123.81, 121.59, 119.19,
118.14, 114.75, 112.02, 111.46, 55.66, 21.15 ppm. MS-ESI: 521.2336 ([M+H]+, calcd.
521.2341); 543.2155 ([M+Na]+, calcd. 543.2161); 559.1895 ([M+K]+, calcd. 559.1900).
N,N -Bis(4-methoxyphenyl)-4'-phenyl-[2,2':6',2-terpyridin]-6-amine (F3): Ac-
cording to the general methodology described earlier, 6-bromo-4'-phenyl-
2,2':6',2-terpyridine (500 mg, 1.3 mmol), bis-(4-methoxyphenyl)amine (745 mg, 3.25
mmol), [Pd2(dba)3] (24 mg, 2 mol-%), dppf (29 mg, 4 mol-%) and sodium-tert-butoxide
(312 mg, 3.25 mmol) were mixed in 20 mL of anhydrous toluene. After appropriate work-
up, 408 mg of the title compound could be isolated as a yellow solid (58 % based on
6-bromo-4'-phenyl-2,2':6',2-terpyridine). C35H28N4O2 · 12 H2O (545.63 g mol
−1): calcd.
C 77.69, H 5.31, N 10.35; found C 77.67, H 5.27, N 10.11. 1H NMR (500 MHz, CDCl3,
300 K): 8.72  8.70 (m, 1H, H 1), 8.69 (d, J = 1.8 Hz, 1H, H 5), 8.66 (d, J = 8.0 Hz, 1H,
H 4), 8.41 (d, J = 1.8 Hz, 1H, H 6), 8.04 (dd, J = 5.1, 2.3 Hz, 1H, H 7), 7.86 (t, J = 7.2
Hz, 1H, H 3), 7.77 (dd, J = 5.2, 3.3 Hz, 2H, H 12), 7.60  7.56 (m, 1H, H 8), 7.50  7.42
(m, 3H, H 13, H 14), 7.33 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H, H 2), 7.30 (d, J = 9.0 Hz, 4H,
H 10), 6.94 (d, J = 9.0 Hz, 4H, H 11), 6.67 (d, J = 7.9 Hz, 1H, H 9), 3.84 ppm (s, 6H,
methoxy-H ). 13C NMR (125.80 MHz, CDCl3, 300 K): 158.32, 157.11, 156.68, 156.59,
155.88, 153.74, 149.38, 149.18, 138.91, 138.44, 138.20, 136.94, 129.07, 128.99, 128.51,
127.16, 123.79, 121.56, 119.13, 118.09, 114.66, 111.74, 110.96, 55.66 ppm. MS-ESI:
537.2285 ([M+H]+, calcd. 537.2291).
General Synthesis of [Co(F1F3)2](ClO4)2 and [Zn(F3)2](ClO4)2: The appropri-
ate ligand (F1F3; 2 eq) and [M(H2O)6](ClO4)2 (M = Co, Zn; 1 eq) were suspended in
4 mL of anhydrous ethanol and this mixture was stirred overnight at ambient tempera-
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ture. After centrifugation the precipitate was washed with 2 mL of ethanol and 5 mL of
diethyl ether consecutively. The solid was dissolved in 3 mL of acetonitrile and ﬁltered
through Celite. To the ﬁltrate diethyl ether was added until a precipitation was formed.
The mixture was centrifuged, the remaining precipitate was washed diethyl ether twice
and dried in vacuum.
[Co(F1)2](ClO4)2: According to the general methodology described earlier, F1 (143
mg, 0.28 mmol) and [Co(H2O)6](ClO4)2 (52 mg, 0.14 mmol) were mixed. After appro-
priate work-up, 170 mg of the title compound could be isolated as a yellow solid (95 %
based on F1). C70H56Cl2CoN8O8 ·1.5H2O (1294.10 g mol−1): calcd. C 64.97, H 4.60, N
8.66; found C 65.24, H 4.68, N 8.61. 1H NMR (500 MHz, CD3CN, 300 K): 236.30 (s,
LW = 465 Hz, T 1 = 811 µs, 2H), 137.71 (s, LW = 87 Hz, T 1 = 7 ms, 2H), 101.27 (s,
LW = 61 Hz, T 1 = 9 ms, 2H), 84.20 (s, LW = 40 Hz, T 1 = 11 ms, 2H), 52.17 (s, LW
= 17 Hz, T 1 = 28 ms, 2H), 45.82 (s, LW = 21 Hz, T 1 = 21 ms, 2H), 36.38 (s, LW = 12
Hz, T 1 = 36 ms, 2H), 26.20 (s, LW = 13 Hz, T 1 = 63 ms, 4H), 15.69 (d, J = 6.1 Hz,
T 1 = 315 ms, 4H), 14.66 (s, LW = 13 Hz, T 1 = 39 ms, 2H), 14.04 (t, J = 7.2 Hz, T 1
= 520 ms, 2H), 1.52 (bs, T 1 = 176 ms), 2.01 (bs, T 1 = 64 ms), 7.58 (bs, T 1 = 79
ms), 8.88 (bs, T 1 = 244 ms), 10.27 (s, LW = 12 Hz, T 1 = 73 ms, 2H), 13.65 (bs), 
27.65 ppm (bs, T 1 = 33 ms). MS-ESI: 1103.7389 ([M-2ClO4+HCl]+, calcd. 1103.3727).
[Co(F2)2](ClO4)2: According to the general methodology described earlier, F2 (138
mg, 0.27 mmol) and [Co(H2O)6](ClO4)2 (49 mg, 0.13 mmol) were mixed. After appro-
priate work-up, 127 mg of the title compound could be isolated as a yellow solid (73 %
based on F2). C70H56Cl2CoN8O10 · 12 CH3CN (1319.61 g mol
−1): calcd. C 64.62, H 4.39,
N 9.02; found C 64.60, H 4.33, N 8.99. 1H NMR (500 MHz, CD3CN, 300 K): 237.18
(s, LW = 1207 Hz, T 1 = 645 µs, 2H), 138.21 (s, LW = 78 Hz, T 1 = 6 ms, 2H), 101.59
(s, LW = 238 Hz, T 1 = 8 ms, 2H), 84.13 (s, LW = 240 Hz, T 1 = 10 ms, 2H), 51.69
(s, LW = 160 Hz, T 1 = 24 ms, 2H), 45.70 (s, LW = 50 Hz, T 1 = 19 ms, 2H), 36.30
(s, LW = 62 Hz, T 1 = 33 ms, 2H), 26.32 (s, LW = 26 Hz, T 1 = 57 ms, 4H), 15.73 (d,
J = 5.6 Hz, T 1 = 283 ms, 4H), 14.59 (s, LW = 234 Hz, T 1 = 14 ms, 2H), 14.08 (t, J
= 6.9 Hz, T 1 = 455 ms, 2H), 0.07 (bs, LW = 275 Hz, T 1 = 305 ms) 2.38 (bs, LW =
482 Hz, T 1 = 133 ms), 5.00 (bs, LW = 590 Hz, T 1 = 271 ms), 7.64 (bs, LW = 615
Hz, T 1 = 65 ms), 8.82 (bs, LW = 324 Hz, T 1 = 164 ms), 10.31 (s, LW = 17 Hz, T 1
= 69 ms, 2H), 13.60 (bs, LW = 1757 Hz), 27.80 ppm (bs, LW = 903 Hz). MS-ESI:
1198.3338 ([M-ClO4]+, calcd. 1198.3343).
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[Co(F3)2](ClO4)2: According to the general methodology described earlier, F3 (150
mg, 0.28 mmol) and [Co(H2O)6](ClO4)2 (51 mg, 0.14 mmol) were mixed. After appro-
priate work-up, 166 mg of the title compound could be isolated as a yellow solid (89 %
based on F3). C70H56Cl2CoN8O12 ·CH3CN · 12 H2O (1381.14 g mol
−1): calcd. C 62.61,
H 4.38, N 9.13; found C 62.60, H 4.29, N 9.16. 1H NMR (500 MHz, CD3CN, 300 K):
237.56 (s, LW = 502 Hz, T 1 = 1 ms, 2H), 138.91 (s, LW = 99 Hz, T 1 = 6 ms, 2H),
102.06 (s, LW = 63 Hz, T 1 = 8 ms, 2H), 84.24 (s, LW = 42 Hz, T 1 = 6 ms, 2H), 51.12
(s, LW = 18 Hz, T 1 = 25 ms, 2H), 45.59 (s, LW = 23 Hz, T 1 = 19 ms, 2H), 36.40 (s,
LW = 13 Hz, T 1 = 34 ms, 2H), 26.46 (s, LW = 14 Hz, T 1 = 59 ms, 4H), 15.80 (d, J =
5.4 Hz, T 1 = 300 ms, 4H), 14.34 (s, LW = 15 Hz, T 1 = 36 ms, 2H), 14.12 (t, J = 6.7
Hz, T 1 = 515 ms, 2H), 0.00 (bs), 2.62 (bs), 4.90 (bs), 7.50 (bs), 10.42 (s, LW = 14
Hz, T 1 = 71 ms, 2H), 13.48 (bs), 27.60 ppm (bs). MS-ESI: 1230.3236 ([M-ClO4]+,
calcd. 1230.3342).
Crystal Data for [Co(F3)2](ClO4)2: C72H61Cl2CoN9O13, M = 1390.12 g mol−1, or-
thorhombic, Pbca, λ = 1.54184 Å, a = 15.3352(3) Å, b = 22.0090(4) Å, c = 38.580(1)
Å, V = 13021.2(5) Å3, Z = 8, ρcalcd. = 1.418 mg m−3, µ = 3.434 mm−1, T = 120 K, Θ
range = 3.682  65.990°, 25215 reﬂections collected, 11071 independent reﬂections, Rint
= 0.0362, R1 = 0.0554, wR2 = 0.1419 [I > 2σ(I )].
[Zn(F3)2](ClO4)2: According to the general methodology described earlier, F3 (70 mg,
0.13 mmol) and [Zn(H2O)6](ClO4)2 (24 mg, 0.065 mmol) were mixed. After appropriate
work-up, 67 mg of the title compound could be isolated as a yellow solid (77 % based on
F3). C70H56Cl2N8O12Zn ·H2O (1355.54 g mol−1): calcd. C 62.02, H 4.31, N 8.27; found
C 61.91, H 4.24, N 8.20. 1H NMR (500 MHz, CD3CN, 300 K): 8.87 (d, J = 1.3 Hz, 2H),
8.53 (d, J = 1.2 Hz, 2H), 8.49 (dd, J = 7.8, 0.6 Hz, 2H), 8.27 (t, J = 8.0 Hz, 2H), 8.16 
8.12 (m, 6H), 7.84 (td, J = 7.8, 1.6 Hz, 2H), 7.76  7.69 (m, 6H), 7.17 (ddd, J = 7.5, 5.1,
0.9 Hz, 2H), 7.08 (dd, J = 8.2, 0.7 Hz, 2H), 6.90  6.87 (m, 2H), 6.23 (bs, 8H), 5.97 (d,
J = 8.9 Hz, 8H), 3.60 ppm (s, 12H).MS-ESI: 1235.3196 ([M-ClO4]+, calcd. 1235.3201).
General Procedure for the Oxidation of the Co2+ Complexes: The appropriate
Co2+ complex was dissolved in 1 mL of anhydrous CH3CN and was mixed with a freshly
ﬁltered solution of [N(p C6H4Br)3](SbCl6) (1.5 eq) in 3 mL of anhydrous CH3CN. The
reaction mixture was stirred for 1 h and diethyl ether was added until a precipitation
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was formed. The mixture was centrifuged; the solid was washed with diethyl ether twice
and dried in vacuum.
[Co(F1)2](ClO4)2(SbCl6): According to the general methodology described earlier,
[Co(F1)2](ClO4)2 (37 mg, 0.029 mmol) and [N(p C6H4Br)3](SbCl6) (36 mg, 0.044 mmol)
were mixed and yielded 29 mg of a red solid (63 % based on [Co(F1)2](ClO4)2).
C70H56Cl8CoN8O8Sb ·1.5H2O (1628.58 g mol−1): calcd. C 51.63, H 3.65, N 6.88; found
C 51.48, H 3.41, N 7.09. 1H NMR (500 MHz, CD3CN, 300 K): 9.18 (d, J = 1.4 Hz,
T 1 = 400 ms, 2H), 8.73 (d, J = 7.7 Hz, T 1 = 374 ms, 2H), 8.57 (d, J = 1.3 Hz, T 1 =
514 ms, 2H), 8.39 (t, J = 7.8 Hz, T 1 = 573 ms, 2H), 8.27 (d, J = 6.6 Hz, T 1 = 593
ms, 4H), 8.03 (t, J = 7.7 Hz, T 1 = 560 ms, 2H), 7.95 (d, J = 7.0 Hz, T 1 = 462 ms,
2H), 7.87  7.81 (m, 6H), 7.35 (t, J = 6.1 Hz, T 1 = 358 ms, 2H), 7.17 (d, J = 7.9 Hz,
T 1 = 835 ms, 2H), 6.89 (d, J = 8.3 Hz, T 1 = 919 ms, 4H), 6.51 (d, J = 8.4 Hz, T 1
= 751 ms, 4H), 6.11 (d, J = 6.1 Hz, T 1 = 475 ms, 2H), 5.86 (d, J = 8.5 Hz, T 1 =
908 ms, 4H), 5.67 (d, J = 8.0 Hz, T 1 = 725 ms, 4H), 2.28 (s, T 1 = 593 ms, 6H), 2.25
ppm (s, T 1 = 623 ms, 6H). MS-ESI: 1166.3440 ([M-ClO4-SbCl6]+, calcd. 1166.3445);
1265.2925 ([M-SbCl6]+, calcd. 1265.2930).
Crystal Data for [Co(F1)2](ClO4)3: C70H56Cl3CoN8O12, M = 1366.50 g mol−1,
tetragonal, P4n2, λ = 0.71073 Å, a = 25.3618(5) Å, b = 25.3618(5) Å, c = 11.1135(3)
Å, V = 7148.4(3) Å3, Z = 4, ρcalcd. = 1.270 mg m−3, µ = 0.416 mm−1, T = 120 K, Θ
range = 2.919  24.997°, 18485 reﬂections collected, 6230 independent reﬂections, Rint
= 0.0329, R1 = 0.0372, wR2 = 0.0813 [I > 2σ(I )].
[Co(F3)2](ClO4)2(SbCl6): According to the general methodology described earlier,
[Co(F3)2](ClO4)2 (38 mg, 0.029 mmol) and [N(p C6H4Br)3](SbCl6) (36 mg, 0.044 mmol)
were mixed and yielded 33 mg of a red solid (69 % based on [Co(F3)2](ClO4)2).
C70H56Cl8CoN8O12Sb ·5H2O (1755.64 g mol−1): calcd. C 47.89, H 3.79, N 6.38; found
C 47.88, H 3.48, N 6.37. 1H NMR (500 MHz, CD3CN, 300 K): 9.19 (s, T 1 = 159 ms,
2H), 8.75 (d, J = 7.3 Hz, T 1 = 210 ms, 2H), 8.59 (s, T 1 = 214 ms, 2H), 8.40 (t, J =
7.8 Hz, T 1 = 246 ms, 2H), 8.28 (d, J = 6.5 Hz, T 1 = 241 ms, 4H), 8.06  8.03 (m, T 1
= 209 ms, 4H), 7.86  7.81 (m, T 1 = 596 ms, 6H), 7.40  7.35 (m, T 1 = 134 ms, 2H),
7.17 (d, J = 7.5 Hz, T 1 = 857 ms, 2H), 6.61 (d, J = 9.1 Hz, T 1 = 364 ms, 4H), 6.24
(d, J = 9.0 Hz, T 1 = 294 ms, 4H), 6.16 (d, J = 5.9 Hz, T 1 = 168 ms, 2H), 5.86 (d,
J = 9.0 Hz, T 1 = 309 ms, 4H), 5.72 (d, J = 8.5 Hz, T 1 = 241 ms, 4H), 3.71 (d, J =
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1.6 Hz, T 1 = 448 ms, 12H). MS-ESI: 1230.3236 ([M-ClO4-SbCl6]+, calcd. 1230.3242);
1466.0867 ([M-2ClO4]+, calcd. 1466.0867).
Computational Details: All DFT calculations were performed using ORCA2.9.1. [290]
TZVP basis sets [291] were used throughout. The structures of the cations [Co(L)2]2+ (L
= tpy, F1) and [Co(L)2]3+ (L = tpy, F1, F5) were optimised with the established hy-
brid functional B3LYP, [292,293] in a dielectric continuum model parameterised for CH3CN
(COSMO). [294] All relevant spin states of the bis-cationic (doublet and quartet) and tris-
cationic (singlet, triplet, quintet) complexes have been considered. Optical spectra of
[Co(L)2]3+ (L = tpy, F1) were addressed through TD-DFT routines as implemented in
ORCA (thirty low energy transitions were considered). Single-point energy calculations
with the amount of exact exchange a0 allowed to vary (0.00 < a0 ≤ 0.20) yielded the SCO
energies of [Co(F1)2]2+ relative to the established SCO system [Co(tpy)2]2+ (Supporting
Information). Cartesian coordinates of the B3LYP-optimised structures (a0 = 0.20) of
[Co(L)2]2+/3+ (L = F1, F5, tpy) (all relevant spin states) are compiled in Tables in the
Supporting Information. The SCF energies were converged to 10−7 Hartree in energy.
Dispersion contributions were approximated using Grimme's empirical atom-pairwise
dispersion corrections of the parent B3LYP functional. [295]
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F6 Appendix
Figure F2-SIDeconvolution of the square wave voltammograms of a) [Co(F2)2](ClO4)2,
b) [Co(F3)2](ClO4)2 and c) [Zn(F3)2](ClO4)2 in CH3CN. Red  experimental, black
dotted  deconvolution of each oxidation process, black solid  sum of all deconvoluted
Gaussian-shaped functions.
Table F1-SI Cyclic voltammetry data for [Co(F1F3)2](ClO4)2 in propylene carbon-
ate. E 0' = Formal potential, ∆E p = diﬀerence between the oxidation and reduc-
tion peak, Tara = triaryl amine. Measurement conditions: 1.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mmol L−1) as supporting electrolyte, scan rate 100 mV s−1, glassy
carbon electrode, 25 °C.
E
0
1' ∆Ep E
0
2' ∆Ep E
0
3' ∆Ep
Complex (Co2+/3+) (Co2+/3+) Tara1-N0/+• Tara1-N0/+• Tara2-N0/+• Tara1-N0/+•
[mV] [mV] [mV] [mV] [mV] [mV]
[Co(F1)2](ClO4)2 365 164 1085a 110b 1195a 110b
[Co(F2)2](ClO4)2 379 172 928a 115b 1020a 130b
[Co(F3)2](ClO4)2 378 224 850a 110b 948a 110b
a Onset potential given for irreversible redox process. b Received by deconvolution of the square wave
voltammetry data.
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Figure F3-SI Cyclic (left) and square wave voltammograms (right) of [Co(F1
F3)2](ClO4)2 in propylene carbonate. Measurement conditions: 1.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, scan rate 100 mV s−1, glassy
carbon electrode, 25 °C.
Figure F4-SIDeconvolution of the square wave voltammograms of a) [Co(F1)2](ClO4)2,
b) [Co(F2)2](ClO4)2 and c) [Co(F3)2](ClO4)2 in propylene carbonate. Red  experi-
mental, black dotted  deconvolution of each oxidation process, black solid  sum of all
deconvoluted Gaussian-shaped functions.
Figure F5-SI Cyclic voltammogram of [Co(F3)2](ClO4)2 in dichloromethane (cycles 2
 5). Measurement conditions: 1.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1)
as supporting electrolyte, scan rate 100 mV s−1, glassy carbon electrode, 25 °C.
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Figure F6-SI [left] UV/vis-NIR spectra of [Co(F2)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The inset shows the absorption of the LMCT band which is caused
by an electron transfer from the Tara nitrogen to the Co3+. The black dashed line was
recorded at 0.3 V after the oxidation measurements to prove the reversibility of the
spectra. Measurement conditions: 2.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol
L−1) as supporting electrolyte, 25 °C. [right] Deconvolution of the NIR absorption at 1.1
V of in situ generated [Co3+(F2)2]3+ (blue  experimental, black  deconvoluted) using
three Gaussian shaped functions (dashed lines).
Figure F7-SI [left] UV/vis-NIR spectra of [Co(F3)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH3CN. The inset shows the absorption of the LMCT band which is caused
by an electron transfer from the Tara nitrogen to the Co3+. The LMCT is partly cov-
ered by a weak Tara+ absorption. The black dashed line was recorded at 0.3 V after
the oxidation measurements to prove the reversibility of the spectra. Measurement
conditions: 2.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting elec-
trolyte, 25 °C. [right] Deconvolution of the NIR absorption at 1.1 V of in situ generated
[Co3+(F3)2]3+ (blue  experimental, black  deconvoluted) using four Gaussian shaped
functions (dashed lines).
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Figure F8-SI [left] UV/vis-NIR spectra of [Co(F3)2](ClO4)2 at rising potentials vs.
Ag/AgCl in propylene carbonate. The inset shows the absorption of the LMCT band
which is caused by an electron transfer from the Tara nitrogen to the Co3+. The
black dashed line was recorded at 0.3 V after the oxidation measurements to prove
the reversibility of the spectra. Measurement conditions: 2.0 mmol L−1 analyte,
[nBu4N][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte, 25 °C. [right] Deconvolution
of the NIR absorption at 1.1 V of in situ generated [Co3+(F3)2]3+ (blue  experimental,
black  deconvoluted) using three Gaussian shaped functions (dashed lines).
Figure F9-SI [left] UV/vis-NIR spectra of [Co(F3)2](ClO4)2 at rising potentials vs.
Ag/AgCl in CH2Cl2. The inset shows the absorption of the Tara → Co3+ CT band
which is merged with the Tara+ absorption band. The black dashed line was recorded
at 0.3 V after the oxidation measurements to prove the reversibility of the spectra.
Measurement conditions: 2.0 mmol L−1 analyte, [nBu4N][B(C6F5)4] (0.1 mol L−1) as
supporting electrolyte, 25 °C. [right] Deconvolution of the NIR absorption at 1.1 V of
in situ generated [Co3+(F3)2]3+ (blue  experimental, black  deconvoluted) using four
Gaussian shaped functions (dashed lines).
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Table F2-SI NIR data received by deconvolution of the Tara → Co3+ CT bands of
isolated [Co3+(F1,F3)2]3+ in given solvents.
Tara → Co3+ CT 1 Tara → Co3+ CT 2
Complex Solvent νmax ∆ν1/2 max νmax ∆ν1/2 max
investigated [cm]−1 [cm]−1 [L mol−1 [cm]−1 [cm]−1 [L mol−1
cm−1] cm−1]
[Co3+(F1)2]
3+ CH3CN 13050 3550 220 15900 3450 190
[Co3+(F3)2]
3+ CH3CN 11700 4300 230 14500 3900 210
[Co3+(F3)2]
3+ PC 11700 4300 235 14750 3800 240
[Co3+(F3)2]
3+ CH2Cl2 10800 4200 210 14050 3900 280
Figure F15-SI 1H NMR spectrum of [Co(F1)2](ClO4)2 in CD3CN at 25 °C. The broad
signals from 0 to 30 ppm (red box) are caused by the hindered rotation of the tolyl
groups in the Tara unit.
Figure F16-SI 1H NMR spectrum of [Co(F2)2](ClO4)2 in CD3CN at 25 °C. The broad
signals from 0 to 30 ppm (red box) are caused by the hindered rotation of the anisyl
and tolyl groups in the Tara unit.
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Figure F17-SI 1H NMR spectrum of [Co(F3)2](ClO4)2 in CD3CN at 25 °C. The broad
signals from 0 to 30 ppm (red box) are caused by the hindered rotation of the anisyl
groups in the Tara unit.
Figure F18-SI 1H NMR spectrum of [Zn(F3)2](ClO4)2 in CD3CN at 25 °C.
Figure F19-SI 1H NMR spectrum of [Co(F1)2](ClO4)2(SbCl6) in CD3CN at 25 °C.
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Figure F20-SI 1H NMR spectrum of [Co(F3)2](ClO4)2(SbCl6) in CD3CN at 25 °C.
Figure F21-SI DFT-derived (B3LYP-D/TZVP) apparent SCO energies of complexes
[Co(L)2]2+ (L = F1, tpy) as a function of the amount of exact Fock exchange a0.
Table F3-SI Fitting results of the linear regressions (∆SCOE = ∆SCOE 0 + (δSCOE ×
a0)) in Figure F21-SI
[Co(L)2]2+ ∆SCOE 0 [kJ mol−1] δSCOE [kJ mol−1] R2
F1 55.9 ± 0.3 397 ± 3 0.9998
tpy 82.6 ± 0.8 403 ± 7 0.9988
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Scheme F2-SI Frontier orbital diagrams of [Co(F1)2]2+ in the quartet (left) and in
the doublet (right) state with illustrations of the Tara-borne HOMOs and tpy-borne
LUMOs; doublet-derived frontier orbitals are very similar in shape.
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Scheme F3-SI Frontier orbital diagrams of [Co(tpy)2]2+ in the quartet (top) and the
doublet (bottom) state with illustrations of the cobalt-borne HOMOs and tpy-borne
LUMOs.
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Scheme F4-SI Frontier orbital diagrams of [Co(F5)2]3+ in the singlet state with illus-
trations of the Tara-borne HOMOs and metal-borne LUMO.
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This PhD thesis outlines the synthesis and characterisation of cobalt complexes with
triarylamine-substituted polypyridyl-based ligands (Figure G1). The main focus was
located on the investigation of a redox equilibrium in [Co(L)2]3+ complexes via an in-
tramolecular electron transfer between the redox pairs Co2+/3+ and Tara0/+.
Figure G1 Synthesised triarylamine-substituted polypyridyl-based compounds, which
were used as tridentate ligands in investigated Co2+/3+ complexes.
The results of this research are presented in chapters CF:
Chapter C Redox Properties and Electron Transfer in a Triarylamine-substituted
HS-Co2+/LS-Co3+ Redox Couple
Chapter D A Solvent- and Temperature-dependent Intramolecular Equilibrium
of Diamagnetic and Paramagnetic States in Co Complexes Bearing
Triarylamines
Chapter E Spin Transitions and Electron Transfer in Co2+/Co3+ Complexes of
Meridional Ligands Holding Nearby Redox-active Triarylamine
Chapter F Tailoring of the Frontier Orbital Character in Co2+/3+ Complexes with
Triarylamine Substituted Terpyridine Ligands
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Chapter C
This chapter deals with the synthesis and characterisation of [Co(C1)2]2+/3+ and related
complexes. XRD studies and 1H NMR spectroscopic measurements of [Co(C1)2]2+ re-
vealed the high-spin state of the metal ion. Treatment of [Co(C1)2]2+ with
[N(p C6H5Br)3][SbCl6] in CH3CN leads to a metal-centred oxidation and a concurrent
spin transition. This was veriﬁed by cyclic voltammetry studies. The Co2+/3+ redox pro-
cess occurs≈ 250 mV prior the Tara redox processes, which can be observed as two super-
imposed redox events. The high-spin → low-spin transition results in signiﬁcant CoN
bond length changes and thus, the peak-to-peak separation of the Co2+/3+ redox process
is larger than for electrochemically reversible redox processes. However, the oxidation
of the Co2+ ion is mediated by the Tara units. The oxidation to [Co2+(C1)(C1+)]3+
is kinetically favoured due to the smaller inner reorganisation energy of the Tara0/+
redox couple compared to Co2+/3+. An intramolecular charge transfer leads to the ther-
modynamically more stable product [Co3+(C1)2]3+. An intermolecular electron transfer
reaction is observed between the Co2+ and Co3+ species in solution by dynamic 1H NMR
spectroscopy. The electron transfer is slowed down at lower temperatures. The charge
transfer between the Tara units and the Co3+ could not be observed as a CT band in
UV-vis-NIR spectroscopy due to the large distance between the redox pairs (≈ 8 Å) and
the resulting lack of electronic coupling.
Chapter D
To ﬁnetune the electronic properties of the Tara-decorated ligands of the Co2+ complexes
presented in Chapter C, electron-rich methoxy groups were introduced into the Tara
moieties. This operation induced a smaller redox splitting ∆E 0' between the Co2+/3+
and Tara0/+ redox processes and thus, an enhanced electron transfer between the elec-
trophores. ∆E 0' could be reduced to 85 mV for [Co(D1c)2](ClO4)2 in CH3CN. Addi-
tionally, a stronger mediator eﬀect of the Taras for the Co2+/3+ redox eﬀect was observed
in [Co(D1c)2](ClO4)2 with a peak-to-peak separation of 60 mV. Furthermore, a solvent-
dependent redox behaviour was found for complexes [Co(L)2](ClO4)2 (L =D1ac). The
order of oxidation steps is inverted in the less polar solvent CH2Cl2. A small redox split-
ting of E 0' ≈ 100 mV was found for [Co(D1a)2](ClO4)2 in CH2Cl2. The cobalt complexes
showed intense absorption bands upon oxidation to the penta-cationic complexes in the
vis-NIR region which are attributed to the formation of Tara+• radicals. This absorption
band was used for the examination of a temperature-dependent redox equilibrium be-
tween the [LS-Co3+(L)2]3+ and the [HS-Co2+(L)(L+•)]3+ species. At low temperatures,
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the formation of [LS-Co3+(L)2]3+ is preferred, while [HS-Co2+(L)(L+•)]3+ is observed at
higher temperatures. The equilibrium is readily visual by a change of colour in the solu-
tion from yellow to green/blue. A magnetic coupling between the HS-Co2+ ion and the
Tara+• radicals was found utilising in situ EPR-spectroelectrochemical measurements.
The interaction of both paramagnetic centres led to broad and undetectable lines in the
EPR spectra. Complete oxidation to [Co(L)2]5+ (L = D1a,c) exhibited characteristic
EPR spectra of Tara biradicals with non-interacting spins.
Chapter E
In order to decrease the distance between the Tara-nitrogen atoms and the cobalt ion
to result in a better electronic coupling, the redox-active Tara unit was placed in ortho
position of the pyridine donor, which is promoted as subunit of the Tara moieties. The
distances amount to ≈ 3.5 Å, determined by XRD analysis of [Co(E3)2](ClO4)2. Electro-
chemical measurements revealed that the order of oxidation in complexes [Co(L)2](ClO4)2
(L = E1E4) is not only solvent-dependent but also determined by the substituents R1
and R2. A cobalt-centred oxidation is observed for [Co(L)2](ClO4)2 (L = E1E3), while
for [Co(E4)2](ClO4)2 two separated Tara-based oxidation events to [Co2+(E4+)2]4+ can
be found in CH3CN solutions. An oxidation of the Co2+ ion is not observed under the
applied measurement conditions. The character of the cyclic voltammograms is essen-
tially deﬁned by the electrostatic repulsion and the electronic interaction, respectively,
between the redox pairs Co2+/3+ and Tara0/+•. The Tara-centred redox processes of
[Co(L)2](ClO4)2 (L = E1E3) are irreversible and observed at higher potentials (E 0' >
850 mV). The repulsion within the highly charged cation [Co3+(L+)2]5+ destabilises the
complex and favours its decomposition. The mediator eﬀect of the Taras, which was dis-
cussed in the previous two chapters can also be observed in complexes [Co(L)2](ClO4)2
(L = E1E3). The peak-to-peak separation of the cobalt oxidation and reduction events
decreases signiﬁcantly with increasing electron density of the Tara units (∆E p(Co2+/3+)
= 436, 200, 64 mV for [Co(E1E3)2](ClO4)2). Electrochemical measurements in CH2Cl2
solutions evinced an unchanged order of oxidation processes in [Co(E2,E4)2](ClO4)2,
while an inversion is observed for [Co(E3)2](ClO4)2. During the UV-vis-NIR spectro-
electrochemical measurements solvent-dependent Tara→ Co3+ CT bands were observed
for [Co3+(L)2]3+ (L = E2, E3) in CH3CN solutions. They are characterised by their
weak intensities, low energies and high full-width at half-maximum.
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Chapter F
The redox-active meridional N3 compounds F1F3 were derived from the more ﬂexible
tpy scaﬀold. The mediator eﬀect of the Tara units concerning the Co2+/3+ oxidation
process was not observed in the CVs of [Co(L)2](ClO4)2 (L = F1F3). The peak-to-peak
separations of the Co redox processes amount to ∆E p(Co2+/3+) ≈ 150 mV. The Tara
oxidation events were observed at > 900 mV, which occur at much higher potentials than
the cobalt oxidations (E 0'(Co2+/3+) ≈ 420 mV). The pronounced gap between the redox
potentials of the Co and the Tara units promoted the chemical oxidation of [Co(L)2]2+ (L
= F1, F3) with one equivalent of [N(p C6H5Br)3][SbCl6] to yield Co3+ complexes. XRD
analysis of [Co(F3)2]2+ and [Co(F1)2]3+ revealed signiﬁcant CoN bond length changes
of ∆dCoN ≈ 0.19 Å upon oxidation of the Co ion, due to the HS → LS transition. This
result was supported by extended DFT calculations. The HOMOs of [HS-Co2+(F1)2]2+
are deﬁned by one metal and two Tara orbitals. The DFT suggests a Tara-centred
oxidation (most unstable orbital) in [HS-Co2+(F1)2]2+ resulting in an open-shell Co3+
species. Electron relaxation leads to the ground state of the trivalent cation, complex
[LS-Co3+(F1)2]3+. To achieve the excited states of [Co(F1)2]3+ requires signiﬁcantly less
energy than the parent complex [Co(tpy)2]3+. The triplet state 3[LS-Co2+(F1)(F1+•)]3+
and the energetic more favourable quintet state 5[HS-Co2+(F1)(F1+•)]3+ (∆E SQ = 29
kJ mol−1) are interpreted as LMCT state. The transition can be optically induced as
veriﬁed by UV-vis-NIR spectroelectrochemical measurements. Generally, the introduc-
tion of Tara moieties into the polypyridyl scaﬀold decreases substantially the HOMO-
LUMO gap. The diﬀerence in energy amounts to EDFT ≈ 4.5 eV in [LS-Co3+(tpy)2]3+
and is reduced to EDFT ≈ 2.4 eV in [LS-Co3+(F1)2]3+ and even EDFT ≈ 1.6 eV in
[LS-Co3+(F5)2]3+.
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Dalton Trans. 2017, 46, 2690  2698.
Redox properties and electron transfer in a triarylamine-
substituted HS-Co2+/LS-Co3+ redox couple
Linda Schnaubelt,a Holm Petzold,a J. Matthäus Speck,a Evgenia Dmitrieva,b
Marco Rosenkranzb and Marcus Korba
a Technische Universität Chemnitz, Faculty of Natural Sciences, Institute of Chemistry,
Inorganic Chemistry, Strasse der Nationen 62, 09111 Chemnitz, Germany.
b Center of Spectroelectrochemistry, Leibniz Institute for Solid State and Materials Re-
search (IFW Dresden), Helmholtzstrasse 20, 01069 Dresden, Germany.
Abstract: A new tridentate phenanthroline-pyridyl-based ligandC1 containing a redox-
active Tara (triaryl amine) unit has been developed (C1 = 4-((6-(1,10-phenanthrolin-2-
yl)pyridin-2-yl)oxy)-N,N -di-p-tolylaniline). The complex [Co2+(C1)2](ClO4/BF4)2 was
prepared and the order of the oxidation steps was analysed by cyclic voltammetry and
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EPR/UV-vis-NIR spectroelectrochemistry. Oxidation of [Co2+(C1)2]2+ to
[Co3+(C1+)2]5+ proceeds in two steps. The ﬁrst step is the Co2+/3+ centred oxidation
to [Co3+(C1)2]3+ (E 0'(M2+/3+) = 284 mV vs. FcH/FcH+) followed by oxidation of the
Tara0/+ centres (E 0'(Tara) = 531 mV). Both kinds of oxidation processes were indepen-
dently investigated in the analogous complexes [Zn(C1)2](ClO4)2 and [Co(C2)2](BF4)2
allowing an assignment of changes in the electronic spectra to the redox states (C2 =
2-(6-phenoxy- pyridin-2-yl)-1,10-phenanthroline). Although spectroelectrochemistry did
not indicate substantial coupling between the redox centres the Tara unit is an eﬃcient
mediator for the self-exchange in the [Co2+/3+(C1)2]2+/3+ couple. The electron transfer
by self-exchange in [Co2+/3+(C1)2]2+/3+ was further investigated by variable tempera-
ture (VT) 1H NMR spectroscopy. In addition, the resonances found in the paramagnetic
proton NMR spectra were assigned by using COSY, T 1 and EXSY measurements in com-
bination with the CoN distances obtained from X-ray analysis. [Co(C1)2]2+ is found in
the HS state. In contrast, the Fe2+ species [Fe(C1)2](ClO4)2 is a spin crossover system.
The SCO was analysed in solution by VT 1H NMR and VT/vis spectroscopy.
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Dalton Trans. 2018, 47, 13180  13189.
A solvent- and temperature-dependent intramolecular
equilibrium of diamagnetic states in Co complexes bear-
ing triaryl amines
Linda Schnaubelt,a Holm Petzold,a Evgenia Dmitrieva,b Marco Rosenkranzb
and Heinrich Langa
a Technische Universität Chemnitz, Faculty of Natural Sciences, Institute of Chemistry,
Inorganic Chemistry, Strasse der Nationen 62, 09111 Chemnitz, Germany.
b Center of Spectroelectrochemistry, Leibniz Institute for Solid State and Materials Re-
search (IFW Dresden), Helmholtzstrasse 20, 01069 Dresden, Germany.
Abstract: Complexes [Co(L)2](ClO4)2 (L = o-substituted 2-(pyridine-2-yl)-1,10-
phenanthrolines D1ac) containing three redox active centres (Co2+ ion, two triaryl
amine (Tara) units) have been synthesised. The order of oxidation steps in [Co(L)2](ClO4)2
(L = D1ac) was determined by cyclic voltammetry and EPR/UV-vis-NIR spectro-
electrochemistry. In acetonitrile solutions, at room temperature, the ﬁrst oxidation
is Co-centred followed by the Tara oxidation at more anodic potentials. The order of
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oxidation is inverted in solutions of the less polar solvent dichloromethane. The Co3+/2+-
centred redox event leads to a spin transition between the paramagnetic high-spin (HS)
Co2+ and the diamagnetic low-spin (LS) Co3+ state, which was proven by 1H NMR
and EPR spectroscopy. After one-electron oxidation of [Co(L)2](ClO4)2, an equilib-
rium between the diamagnetic [Co3+(L)2]3+ and paramagnetic [Co2+(L)(L+)]3+ state
in [Co(L)2]3+ (L = D1ac) was found. Cyclic voltammetry showed the enhanced in-
termolecular electron transfer between the [Co2+(L)2]2+ and [Co3+(L)2]3+ redox states
mediated by [Co2+(L)(L+)]3+. Variable temperature vis-NIR spectroscopy of in situ
generated [Co(L)2]3+ revealed a temperature-dependent redox equilibrium between the
[Co3+(L)2]3+ and the [Co2+(L+)(L)]3+ states (L = D1a, c). Magnetic coupling be-
tween the HS-Co2+ ion and the Tara+ radical in [HS-Co2+(L+)(L)]3+ (L = D1a, c) was
deduced from broad and undetectable lines observed in the corresponding EPR spec-
tra. Complete oxidation to [LS-Co3+(L+)2]5+ (L = D1a, c) leads to characteristic EPR
spectra of Tara biradicals with non-interacting spins.
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Z. allg. anorg. Chem. 2018, 644, 1257  1267.
Spin transition and charge transfer in Co2+/Co3+ com-
plexes of meridional ligands holding nearby redox-active
triaryl amine
Linda Schnaubelt,a Holm Petzold,a J. Matthäus Speck, Tobias Rüﬀer,a Ger-
ald Hörner,b and Heinrich Langa
a Technische Universität Chemnitz, Faculty of Natural Sciences, Institute of Chemistry,
Inorganic Chemistry, Strasse der Nationen 62, 09111 Chemnitz, Germany.
b Technische Universität Berlin, Institute of Chemistry, Strasse des 17. Juni 135, 10623
Berlin, Germany.
Abstract: Phenanthroline-pyridyl bases containing a triaryl amine (Tara) E1E4 and
their respective Co2+ ([Co(L)2](ClO4)2, L = E1E4) and Co3+ complexes
([Co(L)2](ClO4)3-n(BF4)n, L = E2, E3) have been prepared. The structure of
[Co(E3)2](ClO4)2 in the solid state was determined by single crystal X-ray diﬀractom-
etry. The oxidation processes of [Co(L)2](ClO4)2 (L = E1E4) were investigated by
cyclic voltammetry. The ﬁrst oxidation step in [Co(L)2](ClO4)2 (L = E1E3) is chemi-
cally reversible and cobalt-centred. This process is followed by the irreversible oxidation
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of the Tara units at higher potentials. In case of [Co(E4)2](ClO4)2 the ﬁrst oxidation
is Tara-centred and electrochemically reversible. The electronic coupling between the
Co3+ ion and the Tara in in situ prepared [Co(L)2]3+ (L = E2, E3) was investigated
by UV/vis-NIR spectroelectrochemistry. In spectra of in situ prepared [Co(L)2]3+ (L =
E2, E3) ligand-to-metal charge transfer (LMCT) bands were found between 600  1250
nm which were assigned to a charge transfer from the Tara to the Co3+ ion. Physical
parameters (wavenumber νmax, extinction max and full-width at half-maximum ∆ν1/2)
of the charge transfer (CT) bands were obtained by deconvolution of the UV/vis-NIR
spectra. In addition analogous Co3+ complexes [Co(L)2]3+ (L = E2, E3) were isolated as
the mixed BF4−/ClO4− salts. These compounds exhibit the same CT bands as observed
in the in situ oxidation experiments.
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Eur. J. Inorg. Chem. 2018, accepted and revised manuscript, DOI: 10.1002/ejic.201801433.
Tailoring of the Frontier Orbital Character in Co2+/3+
Complexes with Triarylamine Substituted Terpyridine
Ligands
Linda Schnaubelt,a Holm Petzold,a Gerald Hörner,b Tobias Rüﬀer,a Niels
Klein and Heinrich Langa
a Technische Universität Chemnitz, Faculty of Natural Sciences, Institute of Chemistry,
Inorganic Chemistry, Strasse der Nationen 62, 09111 Chemnitz, Germany.
b Technische Universität Berlin, Institute of Chemistry, Strasse des 17. Juni 135, 10623
Berlin, Germany.
The synthesis and characterisation of a series of Tara-decorated ligands (Tara-appended
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donor groups R1,2 = Me/Me, Me/OMe and OMe/OMe for L = F1F3, respectively)
and of their respective 1:2 Co2+ [Co(L)2](ClO4)2 (L = F1F3) and Co3+ complexes
[Co(L)2](ClO4)2(SbCl6) (L = F1, F3) are reported. The complex metrics found in the
solid-state structures of [Co(F3)2]2+ and [Co(F1)2]3+ indicated an assignment as spin-
quartet Co2+ and spin-singlet Co3+, respectively, what is in accord with DFT structure
modelling and 1H NMR spectroscopic measurements. Electronic absorption spectra of
in situ generated and isolated [LS-Co3+(L)2]3+ (L = F1F3, LS = low-spin) complexes
show characteristic Tara→ Co3+ charge transfer (CT) bands in the vis-NIR region, but
give no direct indication of L-based oxidation events, irrespective of the solvent. The fail-
ure of [Co3+(L)2]3+ to undergo charge transfer induced spin transition in the experiment
is corroborated by theoretical results. Although a substantial decrease of the HOMO-
LUMO gap already prevails in [Co3+(F1)2]3+ as compared with parent [Co(tpy)2]3+, the
destabilisation of the HOMO is not yet suﬃcient to allow an equilibration among closed-
and open-shell formulations. However, the computed singlet-triplet and singlet-quintet
splitting in [Co(F1)2]3+ renders these open-shell formulations to reside only moderately
above the ground state. Design criteria are derived from this analysis aiming at a fur-
ther stabilisation of the open-shell complexes through implementation of more strongly
electron releasing substituents at the Tara moieties.
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